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ABSTRACT
A cid ified  sodium s i l i c a t e  so lu tio n s  hare been s tu d ied  in  
re c en t y ea rs  in  an attem pt to  develop an in s ig h t  t o  th e  na tu re  of 
th e  p a r t ic le  growth process as w e ll as to  th e  s tru c tu re  p ic tu re  of 
th e  s o lu te . There was need to  widen th e  view; thus cesium s i l i ­
ca te  so lu tio n s  were s tu d ied . Two groups of so lu tio n s  d if f e r in g  in  
co n cen tra tio n  and harin g  sev e ra l d if f e r e n t  m olar S iC ^A ^O  r a t io s  
were prepared by means of d i lu t io n  of a s to ck  so lu tio n  and addi­
t io n  of hyd roch lo ric  ac id .
The p a r t ic le  growth process was follow ed by means of 
tu r b id i ty  and pH measurements. A behavior s im ila r  to  th a t  
observed in  sodium s i l i c a t e  so lu tio n s  was found. A fte r about 
s ix ty  days during  which th e  tu r b id i ty  in creased  r a p id ly  a stage 
of very  slow ly in c reasin g  tu r b id i ty  was reached . Two d i f f e r e n t  
d i lu t io n s  were made from each so lu tio n  and again  tu r b id i ty  and 
pH measurements were used to  observe th e  e f f e c t  of the  added 
so lv en t on th e  a lread y  r e la t iv e ly  b ig  p a r t i c le s .  V isc o s ity  and 
angu lar s c a t te r in g  p a tte rn s  were used ju s t  befo re  d i lu t io n  in  
o rder to  complete th e  c h a ra c te r iz a tio n  of th e  o r ig in a l  so lu tio n .
F ar a period  of about 30 to  1*0 days, slow ly d ecreasing  
pH and tu r b id i ty  values were observed u n t i l  a s ta b le  s i tu a t io n  
was reached. At t h i s  s ta g e , v is c o s i ty  measurements and angu lar 
s c a tte r in g  p a t te rn s  were taken  f o r  th e se  d i lu te  so lu tio n s .
ix
R ates of p a r t ic le  growth depended mainly upon th e  molar 
r a t i o  and concen tra tio n  of cesium ch lo rid e  p re se n t, A minor 
e f f e c t  i s  due a lso  to  charged s i l i c a t e  sp ec ie s . The p a r t ic le s  
were assumed to  be spheres according t o  th e  evidence presen ted  
by many au th o rs . They formed p r a c t ic a l ly  monodisperse systems 
in  a l l  cases. M olecular w eights in  th e  o r ig in a l  two groups of 
so lu tio n s  ranged from 10^ to  10^ grams p e r mol, D ilu tio n  le d  to  
a kind of d is s o c ia tio n  of th e  p a r t ic le s  w ith  red u c tio n  of the 
m olecular weight to  i|0 and 60% i n  extreme cases. The h ig h er th e  
m olar r a t io  an i th e  cesium ch lo rid e  co n ten t, th e  g re a te r  th e  
red u c tio n .
V isco s ity  and angular s c a t te r in g  d a ta  d isc lo se  t h a t ,  
reg a rd le ss  of th e  molar r a t i o  or m olecular w eight, th e  p a r t ic le s  
of any s o lu tio n  have th e  same very  low d e n s ity . The c rd er of 
magnitude i s  about 0.020 to  0.035 g /c c . This and th e  e f f e c t  of 
d i lu t io n  confirm  th a t  th e  growth process i s  mainly one of 
aggregation  ra th e r  than  one of po lym eriza tion , w hile a t  the  
same time they  in d ic a te  a h ea v ily  hydrated  p a r t i c le .  A crude 
es tim a tio n  g ives about 100 molecules of w ater p er each one of 
s i l i c a .
D ilu tio n  gives r i s e  to  a deaggregation  p rocess , which 
seems to  be th e  re v e rsa l of the p a r t ic le  growth process observed 
in  the  o r ig in a l  so lu tio n s .
The co n fig u ra tio n  of th e  h ig h ly  hydrated  p a r t ic le  can 
be understood in  term s of th e  s im ila r  s ize  of the S i02 and 
m olecules as w ell as in  the  way th ey  are u su a lly  packed when pure.
INTRODUCTION
S ix ty  p er cent o f th e  c ru s t o f the  e a r th  i s  composed 
o f s i l i c a  as  such o r o f compounded s i l i c a  in  an e x tr e m e ly  wide 
v a r ie ty  o f s il ic a te s *  No coherent s tr u c tu r a l  p ic tu re  o f th e se  
s i l i c a t e s  could be ob tained  before th e  development o f X-ray 
d if f r a c t io n  methods. The work of Bragg,^ Pauling^ and 
Machatschky^ during th e  1930 's must be mentioned in  t h i s  re ­
sp ec t. As a r e s u l t  o f th ese  in v e s tig a tio n s  th e  p ro p e r tie s  and 
s tru c tu re  o f th e  n a tu r a l ly  occurring  s i l i c a t e s  can be explained  
in  an as to n ish in g ly  simple manner on th e  b a s is  o f d if fe re n t 
l a t t i c e  arrangem ents o f th e  SiO^ te tra h e d ra , but the s i tu a t io n  
i s  no t q u ite  as i n t e l l i g ib l e  when aqueous a lk a lin e  s i l i c a t e s  o r 
s i l i c i c  a c id  hydroso ls are  examined.
As e a r ly  as in  1861, Graham1s^*^ c la s s ic a l  in v e s t i ­
ga tions on s i l i c i c  ac id  concluded w ith th e  p o s tu la tio n  o f a
1W. L. Bragg and W. L. Warren, K r is t .  LXIX (1928), 
168; i b id . LEWI (1930), 201.
2l . P au ling , P roc. N at. Acad. S c i. U.S. XVI (1930),
$78.
^F. Machatschky, N aturw iss. XXVI (1938), 67*
^Th. Graham, Annalen der Chemi e ,  Ju stu s  L ieb ig  CXXI
(1862), 1 .
^Th. Graham, Trans. Royal Soc. London, Ser. A, 
P hysical and M athem atical ( l 86l ) ,  183*
1
2c o l lo id a l  s ta te  o f  m a tte r. A few y ea rs  l a t e r  Mylius and 
Qroschuff^ observed th a t  th e  c o l lo id a l  p a r t ic le s  forming s i l i c i c  
a c id  so ls  appeared to  in c rea se  in  s iz e  w ith th e  passing  of tim e .
Since then  many o th e r in v e s tig a tio n s  have been done 
and seme th e o r e t ic a l  approaches attem pted , bu t th e re  i s  s t i l l  
much to  be d e s ire d  to  account fo r  th e  numerous o b servations th a t  
have been made* The f i n a l  words in  th e  fo llow ing  fo rty -y e a r-  
o ld  comment made by F reundlich  a re  suggestive and seem to  be in  
o rder even in  th e  p resen t circum stances:
"Upon what t h i s  process depends — whether 
i t  i s  r a th e r  a m a tte r  o f p o ly s i l lc ic  a c id s , which 
give la rg e  m ice llae , being formed from th e  simple 
s i l i c i c  a c id j o r whether th e  c r y s ta l lo id  p a r t ic le s  
o r ig in a l ly  p resen t a lread y  co n s is t o f p o ly s i l ic ic  
a c id s , bu t are  exceedingly  f in e  am icrons, which 
c o n tin u a lly  in c rease  in  s ize s  o r , f in a l ly ,  whether 
a hyd ra tion  i s  more im portant than the  polym eriza­
t io n ,  o r  whether a l l  th e se  p rocesses o r  sev e ra l o f  
them take  p lace to g e th e r  — cannot y e t be sa id  
w ith  c e r ta in ty ."7
The p resen t work i s  aimed to  co n trib u te  to  the  b e t te r  
understanding o f th e  behavior o f s i l i c i c  ac id  hydrosols in  th e  
presence of a lk a l i  m eta l ions and ch lo rid e  io n s . Extensive
^F. Mylius and E. G rosehuff, Ber. d . deutsch . chern. 
Ges. XXXIX (1906), 116.
7h. F reund lich , C ollo id  and C ap illa ry  Chemistry 
( tr a n s la te d  by H. S. H a tf ie ld , N. Xorks E. P . Dutton and Co., 
1922) ,  p . 625.
3s tu d ie s  by Debye and N a u m a n  through v is c o s i ty ,  pH, and H g h t 
s c a t te r in g  measurements o f aqueous sodium s i l i c a t e  so lu tio n s  o f 
v ario u s  SiOg/NagO r a t io s  a t  d if f e re n t  co n cen tra tio n s  were in ­
tended to  be continued w ith t h i s  c o n tr ib u tio n , bu t i t  appears 
today th a t  more work must be done in  o rder to  get a c le a re r  
p ic tu re .  The m entioned au thors concluded th a t  ad d itio n s  o f 
hydroch loric  ac id  to  th e  r e fe r r e d  so lu tio n s  caused th e  slow 
form ation o f loose permeable aggregates o f high m olecular w eight. 
R e la tiv e ly  s ta b le  so lu tio n s  were sometimes obtained  under c e r ta in  
co n d itio n s  which w i l l  be considered  throughout t h i s  work. In  
th e  p resen t study a confirm ation  o f th ese  r e s u l t s  and a more 
general ex tension  o f t h e i r  conclusions were sought. To examine 
th e  in fluence  of the s iz e  of the  ca tion  on th e  aggregation  
p ro cess , on th e  s t a b i l i t y  o f th e  so lu tio n s , and on th e  s iz e  o f 
th e  c o l lo id a l  p a r t i c le s ,  was th e  reason fo r  which t h i s  study of 
aqueous cesium s i l i c a t e s  was undertaken. Crude q u a n tita tiv e  
observa tions made by Pappad&33 and ex p lo ra to ry  experim ents per­
formed by the  au th o r, co n s is tin g  of th e  ad d itio n  o f cesium
®P. Debye and R. V. Nauman, J .  Chem. Phys. XVII (19U9),
66U. ” '
% . V. Nauman and P . Debye, J . Phys. and C o llo id  Chem.
LV ( 1 9 * ) ,  1 . "  ~ ~  — ---------------- --
IQp. Debye and R. V. Naman, unpublished re p o r ts  to  th e  
Sodium S i l ic a te  M anufactu rer's  I n s t i tu te  (19U8-52).
U p . Debye and R. V. Nauman, phys. Chem. LXV (1961), 5-
12p. Debye and R. V. Nam an, ib id .  LTV (1961), 10.
^ N . Pappada, Qazz. chim. i t a l .  XXXIII-2 (1903), 272j 
ib id . r a w  (1905), 78j ib id .  XU (1911), U95-
hc h lo rid e  to  sodium s i l i c a t e  so lu tio n s , supported th e  id ea  th a t  
c a tio n  s iz e  i s  indeed an im portant f a c to r .  A good a d d it io n a l  
p ro o f i s  H e r ' s ^  study  o f  th e  e f f e c t  o f l i t h i t n  oxide lead in g  
t o  s i l i c a  so ls  more s ta b le  than  those  co n ta in in g  sodium oxide.
K. H e r ,  U. S. P a ten t 2,668,11*9 (E. I .  duPont 
de Nemours and C o., In c . 19E>U)o
I .  SOLUBLE SILICATES
The name s o l  I s  given to  th e  app aren tly  d isso lv ed  s ta te  
in  which a more o r  le s s  s ta b le  c o l lo id a l  sy sten  can be m aintained. 
When w ater i s  used as th e  d isp e rs io n  medium fo r  th e  c o l lo id a l ly  
suspended m ateria l*  th e  word hydrosol i s  used. C o llo id a l s i l i c a  
o r s i l i c a  hydrosol i s ,  consequently , a d isp e rs io n  o f s i l i c a  in  
w ater, in  which th e  p a r t ic le  s ize  o f th e  form er i s  w ith in  th e  so- 
c a lle d  c o llo id a l  ran g es a r b i t r a r i l y  defined  as th a t  between 10 
and 1000 angstrom s. The manner by which so ls  and c ry s ta l lo id  
(o r t ru e )  so lu tio n s  can be sep ara ted  i s  d ia ly s is , which i s  a 
d iffu s io n  p ro cess . H i s t o r i c a l l y ^  th e  f i r s t  use of a  d ia ly z e r  
i s  concerned w ith  th e  p u r if ic a t io n  o f  c o l lo id a l  s i l i c i c  a c id . 
S i l ic a te  ions were be lieved  to  behave a s  any c r y s ta l lo id  ions 
when d ia ly zed . Experiments o f Linck and Becker^ dem onstrated 
th a t  th e  d ia ly s is  r a te  o f s i l i c a t e  io n s  i s  f a r  sm aller than  th a t  
o f sodium and hydroxyl io n s . There must be an in c ip ie n t forma­
t io n  o f s i l i c a  so l in  sodium s i l i c a t e  so lu tio n s , but t h i s  e f fe c t  
seems to  be e lim in a ted  by c a re fu l  f i l t r a t i o n . ^
■Vrh. Qraham, T rans. Royal Soc. London, S er. A, H iysica l 
and M athematical (1861), 183-
^Th. Graham, Annalen der Chemie, Justus L iebig CXXI 
(1862), 1 .        "
3g. Linck and W. Becker, Chemie der Erde I I  (1925), U-
Ur . v . Nauman and P. Debye, J .  Phys. and C o llo id  Chem.
LV (1951), 1 . “  --------------------------
Several in v estig a to rs '* ”^ have s tu d ied  th e  e f f e c t  o f pH 
upon th e  s o lu b i l i ty  o f s i l i c a .  Their va lu es  are  perhaps not 
comparable, since  probably th e  p a r t ic le  s iz e  was not th e  same in  
a l l  cases* bu t i t  appears c le a r ly  th a t  s o lu b i l i ty  in c rea se s  
ap p rec iab ly  above pH 9*
Only th e  a lk a lin e  s i l i c a t e s  can be c la s s i f ie d  as w ater 
so lu b le  s i l i c a t e s .  Their com positions a re  commonly expressed in  
term s o f m olar ratio®  o f s i l i c a  to  m eta l oxide w ith th e  amount 
o f  w ater being mentioned in d ir e c t ly  in  term s of weight o r molar 
co n cen tra tio n  o f  s i l i c a .  L i t t l e  w i l l  be sa id  here  about th e  
p rep a ra tio n  of th e se  s i l i c a t e s  o r t h e i r  so lu tions*  except when 
th e re  i s  a  c lose connection w ith  th e  work described  in  sec tio n  
VI-A. Vail,^ E i te l^0 and I l e r , ^ -  among o th e rs , can be consu lted  
by th e  read er in  th e  case he wants a v ery  complete survey on 
s i l i c a t e  chem istry . The p resen t review  i s  more concerned w ith  
th e  l i t e r a t u r e  r e la te d  to  those experim ents and d iscu ss io n s  th a t  
g ive inform ation  about th e  c o n s ti tu tio n  and behavior o f d i lu te
^C. Wo C orrens, Chemie der Erde X III (19U0), 92.
®G. B. Alexander, W. M. Heston and R. K. H e r ,  J .
Fhys. Chem. LVIII (195U), U$3«
7G. Jander and W. Heuskeshoven, Zo_ anorg. u . allgem . 
Chem. CCI (1931), 301.
®R. C. M e r r i l l ,  J°_ Chem. Education XXIV (19U7), 262.
9<J. G. V ail, Soluble S i l ic a te s  (New Yorks Reinhold 
P ubl. C o., 1952).
10tf. E i t e l ,  The P hysical Chemistry of the  S i l ic a te s  
(Chicago* The U n iv e rsity  o f Chicago P ress , 195ii)•
H r . K. I l e r ,  The C ollo id  Chemistry o f S i l ic a  and 
S i l ic a te s  ( I th a c a : C ornell U n iv ersity  Press,"T955)»
7aqueous so lu tio n s  o f  c o l io id a l ly  d isp e rsed  s i l i c a  ob ta ined  from 
a lk a l i  s i l i c a t e s .  For th e  sake o f b re v ity , the  form ation o f g e ls  
o r  p r e c ip i ta te s  and the behavior o f s i l i c a t e  in  h ig h ly  ac id  
so lu tio n s  w i l l  no t be thoroughly  reviewed in  th e  fo llow ing  pages. 
The main o b je c tiv e  o f t h i s  re search  has been to  get a b e t te r  
understanding o f  r e la t iv e ly  s ta b le  so lu tio n s .
The so luble  s i l i c a t e  g lasses  a re  g en e ra lly  p repared  by 
fu sio n  o f s i l i c a  w ith a lk a lin e  carbonates o r ,  in  some c a se s , w ith  
s u lf a te s  reduced sim ultaneously  by admixture w ith  carbon.
(Hasses having a wide range o f SiC^/tagO ® °la r r a t io s  may be 
ob ta in ed , but only those g la sse s  w ith  r  ^  U can be d isso lv ed  in  
w ater, even when e lev a ted  tem perature and p ressu re  a re  used in  
th e  d is so lu tio n  p ro cess . (M i s  a symbol fo r  th e  a lk a l i  m etal and 
r  f o r  th e  SiC^A^O m olar r a t i o ) .  The s i l i c a  — sodium oxide 
system i s  by f a r  th e  more s tu d ie d . Numerous re fe ren ce s  about t h i s  
and o th e r a lk a lin e  s i l i c a t e s  can be found in  E i t e l ' s  book,-^ 
sec tio n  B. I I  • The s i l i c a  — cosine oxide system appears to  be 
th e  le a s t  s tu d ie d . K raceck^  m elted  a p rev io u sly  s in te re d  mix­
tu re  o f ammonium carbonate , cesium n i t r a t e  and B ilic a . R ic h a rd s^  
a lso  used cesium n i t r a t e  and von W itt o r p re fe r re d  cesium ca r­
bonate fo r  th e  fu s io n . Kahlenberg and L in c o ln ^  d isso lv ed  s i l i c a
E i t e l ,  op. c i t .
13f . C. Kraceck, J .  Am. Chem. Soc. LU  (1930), Uj36.
^ A . R ichards, P roc. An. Acad. XXXVIII (1903), U58.
1$N. M. von W itto rf , Z. anorg. Chem. XXXII (190l*),193.
1 6 l. Kahlenberg and A. T. L inco ln , J .  Phys. Chem. n  
(1897- 8 ) ,  82. —
8In  aqueous cesium hydroxide, using th e  w e ll known f a c t  th a t  
s i l i c a  d isso lv e s  in  any a lk a l i  when th e  pH i s  high enough* In  
th e  l a s t  process* w ithout reg ard  to  th e  c a tio n  present*  th e  g ian t 
s i l i c a  m olecules a re  reduced to  sm aller u n its  through hydration  
and d is s o lu tio n . According to  Carman^ hydration  o f s i l i c a  i s  
p u re ly  a su rface  phenomenon and t r a n s i t io n  from m assive s i l i c a  
to  a  molecule o f Si(OH)^ i s  continuous* depending e n t i r e ly  upon 
degree o f su b d iv is io n . In  th e  fu sio n  processes* in  general* when 
a g lass  i s  formed a number of S i-O -Si bonds are  broken b rin g in g  
about new bonds Si-O-M in  which th e  l in k  OM would be e s s e n t ia l ly  
polar* th u s  co n fe rrin g  a  w ater so luble  c h a ra c te r  to  th e  p roduct.
In  both  cases a s o r t  o f depolym erization process has occurred 
under d if f e re n t  c o n d itio n s .
However, i t  i s  th e  rev e rse  re a c tio n  w ith which t h i s  
study i s  more concerned. The a d d itio n  o f an a c id ^ * -^  o r  c e r ta in  
s a l t s ^ O ^ l  t0  a  so lu tio n  o f an a lk a lin e  s i l i c a t e  so th a t  th e  pH 
i s  decreased  to  1 0 .7  or l e s s  causes th e  s i l i c a t e  ions to  be a t 
le a s t  p a r t i a l l y  converted to  s i l i c i c  acid* which then  aggregates 
and/or polym erizes. The term  aggregation has been proposed^® to  
account fo r  the low p a r t ic le  d e n s ity  found from v is c o s i ty  me a sure-
17p. C. Carman, Trans. Faraday Soc. XXXVI ( I 9I4O), 96U.
1®P. Debye and R. V. Hannan, Phys. Chem. LXV (1961),
10.
19q. B. Alexander, R. K. I l e r  and F. J .  W olter, U. S. 
P atent 2,601,235 (E. I .  duPont de Nemours and Co., 1952).
20s. A. Greenberg and D. S in c la ir ,  J .  Phys. Chem. LIX
(1955), U35- ~
^ A . P. Brady* A. G. Brown and H. Huff, J .  C o llo id  S c i. 
V III (1953), 256.
9m eats. No p re c ip i ta t io n  o r g e l form ation i s  achieved u n less  
th e  pH i s  decreased to  8*0 o r l e s s ;  a  more d e f in i te  f ig u re  
depends on th e  SlOg/fag® r a t io  and th e  co n cen tra tio n . C arefu l 
c o n tro l o f  th e  p a r t ic le  s iz e  and th e  amount o f added a lk a l i  
needed to  m ain ta in  a  negative  charge on th e  p a r t ic le s  a re  f a c to rs  
to  be considered  in  o rder to  a t t a in  s t a b i l i t y  ag a in s t g e l forma­
t i o n . 22* ^  No aggregation  has been observed in  r e la t iv e ly  d i lu te  
so lu tio n s  o f pure sodiun m e ta s il ic a te  ( r  2 1 *0 ) when re ac tio n  
w ith ac id s  o r s a l t s  has been p rev en ted .2^
H e r 2-* gives se v e ra l re fe re n c es  d ea lin g  w ith  th e  
re v e rs ib le  po lym erization-depolym erization  behavior o f  s i l i c a  
in  aqueous s o lu tio n s . He a lso  w r ite s  th e  fo llow ing  sequence of 





Assuming a coo rd in a tio n  number o f fo u r  f o r  s i l i c a :
+ H+ s  (QH)oSiO”
0
HO S i OH 
0







22m. F. Bechtold and 0 . E. Shyder, U.S. P aten t 
2i$7U>902 (E. I .  duFont de Nemours and C o., 195l7•
23 j .  M. Rule, U.S. P a ten ts  2,$77j U8U-5 (E. I .  duPont 
de Nemours and Co., 193>l)•
2^P. Debye and R. V. Nauman, J .  Chem. Phys. XVII 
(19ii9), 66U. —  — ■
2*R. K. I l e r ,  op. c i t . , p . 21.
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Equations 1-1 and 1-2  can a lso  be form ulated in  term s of a
26co o rd in a tio n  number o f s ix  as  proposed by Weyl. However, 
recen t Raman sp e c tra  s tu d ies??  a re  c o n s is te n t w ith  th e  m odified 
te t r a h e d ra l  form SLOgCCH^ and ru le  out th e  ex isten ce  o f th e  
o c tah ed ra l S1(CH)^=.
Higher p o ly s i l ic a te  io n s  may be i n  e q u ilib r iu n  w ith  
m e ta s i l ic a te  and d i s i l i c a t e  an ions:
S i20£= + Si03= + H20 = Si307= + 2 QH~ (1-5)
The l a s t  equation i s  w r itte n  by H e r  assuming e x p l ic i t ly  coordi­
n a tio n  number s ix  f o r  s i l ic o n .  However, th e  experim ental e v i­
dence p rec ludes a l in e a r  co n fig u ra tio n  of Si(CH)ji groups bridged 
by hydroxyl io n s . Greenberg and S in c l a i r ^  conclude from l ig h t  
s c a t te r in g  d e p o la riz a tio n  and dissym etry  measurements th a t  the  
c o l lo id a l  p a r t ic le s  are la rg e  iso tro p ic  spheres. Debye and 
Nauman^? suggested lo o se ly  bound aggregates, p robably  h e ld  t o ­
ge th er p rim a rily  by van der Waals fo rc e s . They assume a mono- 
d isp e rse  system o f spheres about 30 mp. in  diam eter from angular 
s c a t te r in g  s tu d ie s  and e le c tro n  m icrographs. V isco sity  s tu d ie s^ 0
A. Weyl, A New Approach to  Surface Chemistry and 
Heterogeneous C a ta ly s is  "("Pennsylvania: f lln e ra i In d u s tr ie s  Exp. 
S ia . b u l l .  57 ,~Pennsylvania S ta te  C ollege, 1951), p« li7«
2 7 j. e , E a rley , D. Fortnum, A. W ojcicki and J. 0. 
Edwards, J .  Am. Chem. Soc. LXXXI (1959), 1300.
28s. A. Greenberg and D. S in c la i r ,  op. c i t .
^ P .  Debye and R. V. Naunan, J .  Fhys. Chem. LXV (1961),
10.
^®R. V. Nauman and P. Debye, J .  Phys. and C o llo id  Chem. 
LV (1951), 1 .
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by th e  same au tho rs  ru le  ou t th e  presence o f l in e a r  p o ly s i l ic a te  
ch a in s , though U k ih ash i^  acta i t  s  p a r t i a l  long chain  c h a rac te r  o f 
th e  spheres.from  s im ila r  observations* Radczewski and R ic h te r ^  
observed spongy, sp h e ric a l c o l lo id a l  p a r t ic le s  o f s i l i c a  under th e  
e le c tro n  microscope* These p a r t ic le s  co n s is ted  o f aggregates of 
sm aller s i l i c a  p a r t ic le s  having one hundredth th e  diam eter o f  th e  
b ig  ones, which were as la rg e  as  200 mp In  d iam eter. Zsigraondy33 
considers  s i l i c i c  ac id  as co n s is tin g  o f S102 m olecules which 
condense to  form p a r t ic le s  o f S102* This id ea  can be c o n c ilia te d  
w ith  a g en era lized  form o f equation 1 -5 , accep ting  a co o rd ina tion  
number o f fo u r  so th a t  th e  polymer should be w ritte n  a s :
(0H)2S10(S102)n (CH)2 (1- 6 )
These p o ly s i l ic a te  io n s  can hard ly  be be lieved  to  have 
a  s tru c tu re  resem bling th a t  o f  the  he te ro p o ly ac id  an ions, accord­
ing, to  H e r , s i n c e  th ey  ought to  have low r a t io  and,
furtherm ore , no c r y s ta l l in e  s i l i c a t e s  a re  known w ith  th e  co rre­
sponding formulae In  o th e r  words, a h ig h ly  ordered  s tru c tu re  i s  
no t to  be expected fo r  th e  p o ly s i l ic a te  ions in  aqueous sodium 
s i l i c a t e .  N evertheless, as I l e r  adds, t h i s  resem blance to  h e te ro ­
po lyacid  anions could be found in  high m olecular weight p o ly s i l i ­
ca te  io n s  in  which th e  charges would be borne by groups con ta in ing
31h. Ukihashi, Asahi Garasu Kenkyu Hokdku H  (1959), 162. 
3^o. E. Radczewski and H. R ic h te r , KoHoid-Z. XCVI
(19U1), 1*
33r. Zsigmondy, KoHoidchemie, e in  Lehrbuch (5 th  e d . ,  
L e ip z ig : O tto Spamer, 1925), ! •
3Ur. k . I l e r ,  op. c i t . , p . 21*.
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B ix-cdordinated s i l ic o n  a t  cans on th e  su rface  of a  sp h e ric a l 
arrangement} w hile th e  n e u tra l  SiC^ should be w ith in  th e  I n te r io r  
o f the  poly ion  where th e  s il ic o n  atoms would have a  coord ination  
number o f fo u r .
Carm an^ v is u a l iz e s  a  la rg e  mass o f  pure s i l i c a  in  which 
SiOj  ^ te tra h e d ra  fo ra  a  th ree-d im ensional network w ith  a t o t a l  
com position corresponding to  two oxygen atoms p er each one of 
s i l ic o n . Therefore} th e  su rface  s i l ic o n  atoms have u nsa tu ra ted  
bonding fo rces  and, in  con tac t w ith w ater, hydroxyl groups w i l l  
cover th e  su rfa c e . The 0-H bond i s  weaker th an  th e  S i-0  bond, 
so th a t  some io n iz a tio n  o f hydrogen may occur g iv ing  a weakly 
ac id  c h a rac te r  to  th e  su rface . In  o th e r words, p a r t ic le s  of 
c o l lo id a l  s i l i c a  a re  e s s e n t ia l ly  compact spheres o f SiOg. 
Furtherm ore, as Carman p o in ts  o u t, th e  su rface  of a  c o llo id a l  
s i l i c a  p a r t ic le  i s  so la rg e  th a t  every  degree of hydration  i s  
p o s s ib le , depending upon p a r t ic le  s iz e .  I f  th e  medium i s  a lka­
l in e ,  th e  p r a c t i c a l ly  uncharged su rface  in  n e u tra l  media i s  no 
longer accep tab le . A lk a li m eta l io n s  rep lace  th e  p ro ton , but 
th ey  cannot e n te r  in to  th e  e le c tro n ic  s tru c tu re  of th e  oxygen 
ion and th u s  are  more re a d ily  hydrated . The so l has as a  r e s u l t  
a d e f in i te  n eg a tiv e  charge and th e  m etal ions form a d iffu se  
la y e r  c h a r a c te r is t ic  o f counter io n s .
B ry a n t^  b e lie v e s  th a t  th e  p h y s ica l s tru c tu re  o f th e  
p a r t ic le  i s  s im ila r  to  th a t  o f a sponge in  which th e  t o t a l  sui> 
face  a rea  i s  much g re a te r  th an  th a t  o f a sphere o f th e  same
35p. C. Caiman, op. c i t .
36k. C. B ryant, J .  Chem. Soc. (1952), 3017.
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diameter* Such a  s tru c tu re  could be h eav ily  hydrated  and would 
a lso  enclose much w ater,  which would lead  to  th e  low p a r t ic le  
d e n s ity  in d ic a te d  by l i g h t  s c a t te r in g  measurements.
V isco sity  s tu d ie s  re a l iz e d  by Kruyt and Postma-^ and 
by Debye and Nauman^ s tro n g ly  support th e  id ea  o f a  high degree 
of hydration  in  th e  in s id e  o f th e  aggregate . U k ih ash i^  computed 
hydration  volumes o f sodium s i l i c a t e  m olecules o f v ario u s  SiC^/ 
NagO r a t io s  by th re e  methods:
a) from in t r i n s i c  v is c o s i ty  and d en s ity  d a ta ;
b) from the  decrement of so lu tio n  volume caused by d isso lv in g  
th e  so lu te  in to  w ate r; and
c) e s tim a tio n  from co m p re ss ib ility  d a ta  ob ta ined  in  u ltra s o n ic  
wave experim ents. A ll th e  va lues were in  f a i r  agreement w ith  each 
o th e r ; th e  hydration  number ranged from lh  to  26 when 1 — r  — U*
The same author author^® concludes, from a thorough 
study39*Ul-U7 on sodium s i l i c a t e s  w ith in  th e  1 to  U r a t io  range,
37h . R. Kruyt and J .  Postma, Rev. t r a v .  chim. XLIV 
(1925), p . 765.
38p. Debye and R. V. Nauman, J . Phys. Chem. LJCV (1961) , 
10. ~
39h. Ukihashi, Asahi Garasu Kenkyu Hokoku IX (1959), 162. 
U kihashi, ib id .  X ( i 960) ,  69 .
Ukihashi, ib id .  I  (1950), 65.
^ H . U kihashi, ib id .  I I  (1952), U8.
^ H . U kihashi, ib id .  VI (1956), 30.
W4H. Ukihashi, ib id .  V III (1958), 22.
I&R, U kihashi, ib id .  IX (1959), 137.
kfyi. U kihashi, ib id .  X ( i 960) ,  29.
k7H. U kihashi, ib id .  X ( i 960) ,  52.
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t h a t  th e  w ate rg lass  m olecule I s  sm all (approxim ately 10 
angstroms In  s ize )*  sp h e r ic a l and packed and th a t  th e  m olecular 
w eights a re  almost th e  same a s  th o se  expressed by ro u tin e  molec­
u la r  form ula. At h igher r a t io s  Ukihashi assumes a p a r t i a l  long 
chain  c h a ra c te r  fo r  these  spheres in  o rder to  account f o r  the  
sm all disagreem ent between c a lc u la te d  and observed values o f th e  
co n cen tra tio n  a t  which th e  v is c o s i ty  r is e s  a b ru p tly . Apparent 
macromolecular behav io rs  such as high v is c o s i ty ,  h igh a c t iv a tio n  
energy of v iscous flow  accompanied by low a c tiv a tio n  energy of 
e le c t r i c  conduction a t  th e  same co n cen tra tio n , non-Newtonian 
flow , th e  Weissemberg e f fe c t  and v i s c o e la s t ic i ty ,  a re  n o t in ­
com patible w ith th e  sm allness o f th e  u ltim a te  m olecule and are  
considered  to  be caused by two fa c to r s .  The f i r s t  f a c to r  i s  the  
a lread y  m entioned f a c t  th a t  th e  sodium s i l i c a t e  m olecules a re  
s tro n g ly  hydrated , so th a t  the  so lu tio n  i s  more concentrated  
( in  g /c c .)  than  one norm ally c a lc u la te s  on th e  b a s is  o f the  
weight o f s i l i c a t e  in  th e  so lu tio n . The seccnd fa c to r  i s  th e  
in c reasin g  number o f OH groups possessed  by th e  sodium s i l i c a t e  
m olecule as th e  r a t io  gets  h ig h er; t h i s  fa c to r  fav o rs  second 
o rder bonding by hydrogen bond o r  van der Waals fo rc e s . This 
e f fe c t  i s  more no tab le  in  h igher co n cen tra tio n . High v is c o s i ty ,  
fo r  in s ta n c e , can be caused by th e  swarming of th e  sodium s i l i ­
ca te  m olecules in  th e  a v a ila b le  space in to  th e  s o lu tio n .
Hazel^® s tu d ied  th e  behavior of 3.U5 r a t io  potassium  
s i l i c a t e  when i t  r e a c ts  w ith pinacyanol c h lo rid e , a dye, in  
v ario u s  co n cen tra tio n s  and concluded th a t  in  h ig h ly  concen tra ted  
so lu tio n s  only  a f r a c t io n  o f  th e  dye c a tio n s  a re  p ertu rbed  by
W j. f .  H azel, J .  C o llo id  S c i. XVII (1962), 162.
negative  s i l i c a t e  groups, p o ss ib ly  because th ey  are  screened by 
an atmosphere o f  hydroxyl io n s . D ilu tio n  o f th e  s i l i c a t e  to  0 .3$ 
produced more favo rab le  co n d itio n s  fo r  the  a tta c k  on th e  dye.
This increased  e le c t r o s ta t i c  a t ta c k  as th e  s i l i c a te  i s  d ilu te d  
might be a t t r ib u te d  to  one o r bo th  o f th e  fo llow ing  f a c to r s :
a )  decreased screening  by hydroxyl ions as  a  r e s u l t  o f  a 
decrease in  co n cen tra tio n ; and
b) increased  charge on th e  s i l i c a t e  produced by i t s  aggregation  
to  form p a r t ic le s  w ith  a sm aller sp e c if ic  su rface  and g re a te r  
su rface  d e n s ity .
F u rther d i lu t io n  to  0.03$ s o lid s  y ie ld ed  a system which showed 
l i t t l e  re a c tio n  w ith  th e  dye, p o ss ib ly  because of increased  
h y d ro ly sis  o f SiO" groups to  SiCH and corresponding red u c tio n  of 
charge on th e  s i l i c a t e .  There i s  evidence, however, t h a t  aggre­
gates a re  s ta b i l iz e d ;  according to  Hazel t h i s  i s  exp la inab le  by 
th e  slow h y d ro ly s is  o f  SiO" groups on t h e i r  su rfa c e . The reduc­
t io n  of charge r e ta rd s  d is so c ia tio n  of th e  agg regates.
sometimes d e c is iv e , f a c to r  in  th e  c h a ra c te r iz a tio n  of a so lu te . 
However, th e  numerous rep o rted  values must be considered  very 
c a re fu l ly ,  s ince th e re  i s  an in c re a s in g  aggregation  and /or 
polym erization  o f th e  s i l i c a  p a r t ic le s  w ith tim e.
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There I s  no major problem w ith  sodium s i l i c a t e  so lu ­
t io n s  w ith  r  £ 2 .  The only species in  so lu tio n  are  simple meta­
s i l i c a t e  and d i s i l l c a t e  io n s  according to  the  m olecular w eights 
rep o rted  by Harman^ and Nauman and Debye, though th e  propor­
t io n  between them v a r ie s  w idely w ith  r a t io  as i t  should b e .
On th e  o th e r side* exam ination o f s i l i c i c  a c id  hydro- 
so ls  by B rin tz in g er and B r in tz in g e r^  le d  to  v a lu es as  low as 
156, corresponding apparen tly  to  a d ihydra ted  dimer, by  measure­
ment o f d ia ly s is  c o e f f ic ie n ts  follow ed by em p irica l c a lc u la tio n s .
At h igher r a t io s ,  th e  c o l lo id a l  ch a rac te r  o f th e se  
so lu tio n s  becomes more ev id en t. There i s  a whole range o f 
v a lu e s . The above mentioned a u t h o r s , n e r j £3 and Bryant 
have re p o rte d  values w ith in  th e  wide range 300 to  2 .5  x  10® 
grams p e r mole, depending no t only upon th e  method used to  
determ ine them, but on the  ch a rac te r  o f  th e  so lu tio n s  which 
have d if f e r e n t  p ro p o rtio n s  of a lk a l i  m eta l oxide p re se n t.
The Importance of th e  counter ions p resen t in  a so l
o f d isp e rsed  s i l i c a  cannot be n eg lec ted , even though i t  i s  a
h y d ro p h ilic  c o llo id . The a d d itio n  o f a  s a l t  such as sodium
ch lo rid e  must reduce the charge on th e  p a r t ic le  because more
sodium ions are adsorbed and/or absorbed by i t ,  n e u tra l iz in g  a 
p o r tio n  o f th e  negative  ch a rac te r  due to  the  absorbed hydroxyl
U?R. W. Harman, Phys. Cham. XXXII (1928), 1*1;.
£0r. V. Nauman and P . Debye, op. c i t .
5-*H. B rin tz in g e r and W. B rin tz in g e r, 2 . f t tr  anorg. u. 
allgem . Chan. CXCVI (1931), UU.
^2p, Debye and R. 7 . Nauman, J .  Phys. Cham. LXV (1961),
10 .
*3r .  k .  I l e r ,  J .  Phys. Chem. LVII (1953), 601;.
C. B ryant, J .  Chem. Soc. (1952), 3017.
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io n s . More sodium hydroxide may be necessary  in  o rd er to  s ta ­
b i l i z e  a  s o l  con ta in ing  so d itu  s a l t s ,  but th e  concen tra tio n  of 
th e  hydroxide cannot be too  h igh  because i t  In c reases  th e  con­
c e n tra tio n  of sodium io n s  as  w e ll as  th e  hydroxyl ions* in  in ­
te r e s t in g  study o f t h i s  e f fe c t  has been made by Baxter and 
Bryant.**'’ According to  t h e i r  conclusions, th e re  i s  an optimum 
amount o f a lk a l i  in  th e  system fo r  maximum s ta b i l i t y  and t h i s  
amount v a r ie s  w ith th e  co n cen tra tio n  of o th e r sodium s a l t s  
present*  The charge on th e  p a r t ic le  would in c rease  w ith  pH and 
decrease w ith  in c re a s in g  sodium ion concen tra tion  in  th e  system, 
re g a rd le s s  o f whether th e  sodiun ions a re  added in  th e  form of 
a sodium s a l t  o r  NaOH.
U k ih a sh i^  in te rp r e ts  th e  marked in crease  in  v is c o s i ty  
w ith  th e  ad d itio n  o f s a l t  a t  high r a t io s  (not g rea te r  than  U) 
as a com petition between the  c a tio n  and th e  s i l i c a t e  m olecules 
fo r  th e  w ater o f h y d ra tio n . Thus, w ate rg lass  m olecules get 
c lo se r  and hydrogen bonding i s  favored  not only fo r  t h i s  reason , 
but a lso  because th e  sodium io n s  compress th e  double la y e r  and 
th e  n e t r e s u l t  i s  a decrease in  th e  magnitude of th e  rep u ls iv e
fo rces  between prim ary s tru c tu re s .
Bungenberg de Jong^? re p o rts  th a t  lith iu m  ion i s  the  
le a s t  r e a d ily  adsorbed o f th e  a lk a l i  m eta l io n s , followed by 
sodium and potassium . According to  Ile r,^®  so ls  o f very  low 
SiOg/LigO r a t i o ,  ranging from i; to  25 , a re  more s ta b le  than  th e  
corresponding so ls  s ta b i l iz e d  by Na20 .
B axter and K* C. Brypjit, J .  Chem. Soc. (19i>2), 3021.
^ H . TJkihashi, Asahl Oarasu Kenkyu Hokoku X ( i 960), 69 .
^B ungenberg de Jong, C ollo id  Science (e d ite d  by H. R. 
K ruyt, New Tories E lse v ie r  Publ. d o ., I9k9), I I , p . 296.
58r . K. I l s r ,  P. S* P aten t 2 .668, 1U9 (E. I .  duFont de 
Nemours and Co., I n c . ,  195li)°
I I .  LIGHT SCATTERING
When a m a te r ia l i s  exposed t o  th e  a c tio n  of a beam o f 
l i g h t ,  i t s  e le c tro n s  undergo o s c i l la t io n s  o f  th e  same frequency 
as  th a t  o f  th e  e l e c t r i c  f i e ld  a sso c ia ted  w ith  th a t  l i g h t ,  un less
th e  wavelength co inc ides w ith  one o f  those  in  th e  absorp tion
spectrum o f th e  m olecules forming th e  m ateria l*  In  o th e r  words, 
l ig h t  o f  th e  same wavelength as  th a t  o f th e  in c id e n t beam i s  
s c a tte re d . There i s  a f ra c t io n  of th e  in te n s i ty  which co rre­
sponds to  th e  d isp laced  s p e c tra l  l in e s  o f  th e  Raman e f f e c t ,  bub 
th i s  f ra c t io n  i s  very  sm all and w i l l  n o t be d iscussed .
The s c a t te r in g  o f l ig h t  i s  due to  the  non-homogeneous 
m olecular s tru c tu re j  th e re fo re , angular d is t r ib u t io n ,  p o la r iz a ­
t io n ,  r e la t iv e  in te n s i ty ,  e t c . ,  can g iv e  inform ation about s iz e ,  
shape and in te ra c t io n  fo rc e s  of th e  m a te r ia l  being examined. I f  
t h i s  m a te r ia l i s  a so lv en t, th e  a d d itio n  o f a so lu te  must in crease  
th e  s c a tte re d  in te n s i ty .  This in c rease  can then be used in  o rder 
to  count th e  number o f so lu te  p a r t ic le s  and to  get a somewhat 
more d e ta i le d  m olecular view of them. This idea was developed by 
Debye1 from concepts based on the  o r ig in a l  trea tm en t proposed by 
Lord Rayleigh^ in  1881. Papers by Debye^ and O ster^ review  in  a
lp .  Debye, ap p l. Phys. XV (19Ui), 338.
2Lord Rayleigh, P h i l .  Mag. XII (1881), 81.
3p. Debye, Phys. Chem. LI (19U7), 18.
^G. O ste r, Chem. Rev. XLIII (19l*8), 319.
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simple and q u ite  complete manner th e  fundam entals o f l ig h t  
s c a t te r in g  th eo ry  and some o f th e  ap p lica tio n s*  whereas books 
by Stacey^ and van d er H ulst^ provide a  very  thorough trea tm en t 
on th e  subject*  However* a d e ta ile d  m athem atical handling  of 
the  equations lead in g  to  an expression  fo r  th e  s c a tte re d  in te n ­
s i t y  as  r e la te d  to  m olecular weight* co n cen tra tio n  and th e  in* 
t e n s i ty  o f th e  In c id e n t beam i s  n o t easy to  f in d . For th e  
b e n e f it  o f  those who are  beginning  to  p ra c t ic e  in  l i g h t  s ca t­
te r in g  and d e s ire  a simple and d e ta i le d  treatm ent* Appendix A 
has been included .
Equation A-79 of the  mentioned appendix* v a lid  fo r  th e  
case o f  very  d i lu te  so lu tio n s  o f em ail p a r t i c l e b* i s  re w ritte n  
h e re :
X  -  H c M ( I I - l )
where 'C  i s  th e  tu r b id i ty  o f th e  so lu tio n  (c o n trib u tio n  of 
th e  pure so lven t being  a lread y  su b strac ted )*  equ ivalen t to  an 
e x tin c tio n  c o e f f ic ie n t  as th a t  used in  Lambert1s law; M i s  th e  
weight average m olecular w e i g h t £  i s  th e  co n cen tra tio n  ex­
p ressed  in  g /c c . |  and H* defined  by equation  A-80 a s :
'3" 2 - * ( I I -2 )i_i _  327r n 8 f n _ n |l <^
3
cp n ta in s  n and n 8 as  in d ic e s  of r e f r a c t io n  of so lu tio n  and
$K. A. Stacey* Light  S c a tte r in g  in  P hysical Chemistry 
(London: B utterw orth  S c ie n t i f ic  P u d l., ±95>).
C. van d er Hulst* L ight S c a tte r in g  by Small 
P a r t ic le s  (New York: J .  W iley and Sons* 1957). '
7 j ,  T. Bailey* W. H. B e a ttie  and C. Booth* J .  Chem. 
Ed. XXXIX (1962), 196. -------------
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so lven t re sp e c tiv e ly ; \  as  wavelength of th e  In c id en t l ig h t  in  
vacuum or a i r ;  N as Avogadro's number; and c as th e  co n cen tra tio n  
again* The tu r b id i t i e s  o f most s o lu tio n s , according to  S tacey ,^  
do n o t vary  more than  0*5% per degree cen tig rad e , so th a t  elabo­
r a te  p recau tio n s  t o  p reven t tem perature f lu c tu a tio n s  are n o t 
req u ired  i f  room tem perature  does no t v ary  widely* However, 
Greenberg and S in c la ir?  f e e l  th a t  a  c lo se  c o n tro l o f th e  tem pera­
tu re  i s  needed fo r  s i l i c a t e  stud ies*
Equations I I - l  and I I - 2  hold  fo r  th e  c ase o f sm all 
iso tro p ic  p a r t ic le s  i f  one assumes no in te ra c t io n  o f any k ind . 
When in te ra c t io n  between p a r t ic le s  becomes s ig n if ic a n t  th e se  
expressions a re  no longer v a l id .  In  general s ig n if ic a n t  in te r ­
a c tio n s  occur in  more concen tra ted  so lu tio n s . D e b y e , b a s e d  
on E in s te in 's  f lu c tu a tio n  th eo ry  and on th e  expanded form of 
v a n t1H o ff 's  law, proposed th e  fo llow ing m od ifica tion  of 
equation  I I - l ;
H C /'T  = 2Bc + 1/M ( I I -3 )
where B i s  a v i r i a l  c o e f f ic ie n t  equal to  h a l f  th e  slope o f  th e  
s tr a ig h t  l in e  obtained when one p lo ts  th e  l e f t  hand side  member 
o f  equation I I - 3  versus co n cen tra tio n . The in te rc e p t a t  c :  0 
g ives the re c ip ro c a l value of th e  m olecular w eight.
The preceding treatm ent- s t i l l  assumes th a t  th e  dimen­
sions o f th e  p a r t ic le  are  small compared w ith  th e  wavelength o f
®K. A. S tacey, op. c i t .
9S. A. Greenberg and D. S in c la ir ,  J .  Phys. Chem. UX 
(19 & ),  U35* “ *
•^P . Debye, £ . ap p l. Phys. XV (19lUi), 338.
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l ig h t .  The s c a tte re d  ra d ia t io n  o f la rg e r  p a r t ic le s  cannot be 
considered  to  a r is e  from a sing le  d ip o le . D iffe re n t reg io n s  o f 
each p a r t i c le  a re  no t under th e  a c tio n  of th e  sane e x c it in g  
f ie ld  in te n s ity *  Thus, each reg ion  i s  a sep a ra te  d ip o le , an 
independent s c a t te r e r ,  and th e  t o t a l  in te n s i ty  i s  p ro p o rtio n a l 
to  the square of th e  v ec to r sum o f th e  am plitude o f th e  c o n tr i­
bu tions o f  a l l  th e  d ip o le s . The d iffe re n c e s  in  phase between 
th e  s c a t te r in g  of th e  d ip o les  in  d if f e r e n t  p a r ts  o f th e  p a r t ic le  
become la rg e  enough fo r  d e s tru c tiv e  in te r fe re n c e  to  occur. There 
are no d iffe re n c e s  in  phase in  th e  l ig h t  s c a tte re d  in  th e  forward 
d ire c t io n , but th e  phase d iffe re n c e s  in c rease  w ith  in c reasin g  
ang le , causing a  g re a te r  amount o f d e s tru c tiv e  in te r fe re n c e . 
T herefore , th e  forward s c a t te r in g  exceeds th e  backward. The 
in te n s i ty  o f th e  90° s c a tte r in g  i s  le s s  than  th a t  o f a p a r t ic le  
o f th e  same m olecular weight but sm aller s iz e .  A c o rre c tio n  fo r  
t h i s  lo s s  in  in te n s i ty  due to  in te rfe re n c e  must th e re fo re  be 
app lied  in  o rder to  c a lc u la te  m olecular w eight from equation  
I I - l  o r  I I - 3 .
c e r ta in  angle must be m u ltip lie d  to  c o rre c t f o r  the in te rfe re n c e  
i s  given by th e  re c ip ro c a l o f th e  s o -c a lle d  p a r t ic le - s c a t te r in g  
f a c to r ,  P (€ ), defined  by th e  follow ing g en era l r e la t io n :
The f a c to r  by which th e  observed in te n s i ty  a t a
i  J
where r ^ j  i s  th e  d is tan ce  between two elem ents i  and j ,  and th e  
double summation i s  perfo raed  over a l l  p a ir s  of s c a t te r in g
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elements* K i s  eq u iva len t to  2tt/ s  (see equation  A-28), 
where /n  = th e  wavelength in  th e  medium, and:
s r  2 s in (e /2 )  ( I I -S )
When th e  shape i s  not known, Debye^" proposes to  
re p re se n t th e  p a r t ic le  s c a t te r in g  fa c to r  as a function  of s 
o f th e  fo llow ing general form:
P(e) = 1 -  © ^ s 2 + 0 <2s ii . . .  ( I I —6)
where = (K2/ 3 V ) r 2dV j V i s  th e  volume of th e  p a r t ic le
and r  i s  th e  ra d iu s  o f each element from th e  cen te r o f mass*
Thus, 0(^  determ ines th e  ra d iu s  o f gyration  of th e  p a r t i c le ,  
ir re s p e c tiv e  o f th e  shape. When o<2 i s  determ ined, i . e . , when 
th e  p a r t ic le  i s  la rg e  enough such th a t  a  two term  ex p ressio n  i s  
not s u f f ic ie n t  to  rep re sen t th e  in te n s i ty  d is t r ib u t io n ,  inform a­
t io n  i s  obtained  about th e  average fo u rth  power o f d is ta n c e s  
w ith in  the  p a r t i c le .  With t h i s  and th e  ra d iu s  o f g y ra tio n , 
th e re  i s  opportun ity  fo r  specu la tio n  about th e  shape.
Expressions o f P(©) f o r  sp e c if ic  shapes o f th e  
m olecules are w ell k n o w n . T h e  form ulation  fo r  spheres, 
shape a t t r ib u te d  to  s i l i c i c  ac id  polymers or aggregates by
n P. Debye, Phys. Chem. LI (192*7), 18.
■^P. Debye, J .  Phys. Chem. LI (19l*7), 18.
13f . w.  B illm eyer, Technical Report to  Rubber 
Reserve Co. (191*5), p . 77*
H. Zimm, Chem. Phys. XVI (191*8), 1093.
tC-19many a u th o rs , '
P(«) =
where:
and a i s  th e  rad ius o f th e  sphere. Appendix B g ives a  general 
exp lanation  of th e  way in  which equation  I I -7  i s  ob tained . 
Expansion o f equation I I -7  leads t o :
P(©) » 1 -  x2 /5  + 3xU/l7 5  -  . . .  ( I I —9)
Stacey^O and Cashin2^ give ta b le s  o f P(©) fo r  x up to  5>.0 and 
8 .0  re sp e c tiv e ly .
Other words may be used to  define  P(©): I t  i s  th e
th e o r e t ic a l  value o f th e  angular s c a tte re d  in te n s i ty ,  i f  th e  
l im it  o f  t h i s  in te n s i ty  fo r  © —^  0 i s  norm alized to  one. 
Thus, f o r  in s tan ce , using  P(90) as a f a c to r ,  th e  tu r b id i ty  i s  
re s to re d  to  th e  value i t  would have had, had th e re  been no 
in te r n a l  in te r fe re n c e .
15s. A. Greenberg and D. S in c la ir ,  op. c i t .
I^p . Debye and R. V. Nauman, J .  Phys. Chem. LXV 
(1961), 10.
I7 r .  V. Nauman and P. Debye, J . Phys. and C ollo id  
Chem. LV (1951), 1.
1^0. E. Radczewski and H. R ich te r , K olloid-Z . XCVI
(1 9 ia ) , 1 .
I9h» U kihashi, Asahi Garasu Kenkyu Hokoku IX (1959), 
162.  -----------
2®K. A. S tacey, op. c i t .
2^ .  M. Cashin, Technical Report to  Rubber Reserve 
Co. (1950).
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i s  w r itte n  a s :
2__ (s in  x  -  x  cos x)
x3
( I I - 7)
x  = E s a (I I -8 )
2h
The rad iu s  o f  th e  sphere can be es tim ated  from a p lo t 
o f  I n te n s i ty  versus » in ^ (€ /2 ) ,  provided th a t  th e  In te rc e p t I s  
norm alized to  one: The r e s u l t in g  slope fo r  low values o f 6 , say 
/3 , perm its  one to  c a lc u la te  the  rad iu s  w ith  th e  a id  o f  equations 
I I - 5 ,  I I - 8 and I I - 9 :
a = ^ ( 5 ^ ) ^ 2A T m B ( I I - 10 )
i f  powers o f x h igher th an  2 are  n eg lec ted  and 0 x  —  0 . 6 .
The measured values o f th e  in te n s i ty  must be co rrec ted  
before being  used in  th e  p lo t t in g  by th e  f a c to rs  sin© and 
l / ( l+ c o s  ©) when unpolarized  in c id en t l ig h t  has been used. The 
second fa c to r  c o rre c ts  fo r  th e  presence of a h o r iz o n ta l component 
in  th e  s c a tte re d  l ig h t  (see equation  A-6U), and sin© c o r re c ts  
fo r  th e  volume of the so lu tio n  viewed by th e  measuring device i f  
a c y l in d r ic a l  c e l l  i s  being used.
The preceding  trea tm en t i s  v a lid  fo r  monodisperse 
system s. When po ly d isp erse  systems are  observed, th e  angular 
s c a t te r in g  p a t te rn  shows more than  one s t r a ig h t  l in e ,  provided 
th a t  few species  are p re se n t. In  extreme cases, th e  sup erp o sitio n  
o f s t r a ig h t  l in e s  can give a c o n tin u a lly  bending lin e  along th e  
d if f e r e n t  values of s in^(© /2 ). In  any case , due to  th e  c o n tr i­
b u tio n  of th e  b igger s iz e  m olecules the  in te n s i ty  in c reases  
toward low values o f © more than  expected f o r  monodisperse 
system s. N eglecting the e f fe c t  o f  co n cen tra tio n , i . e . ,  using  
an angu lar s c a t te r in g  p a tte rn  f o r  spheres a t  l im itin g  concen­
t r a t i o n ,  th e  in te n s i ty  a lread y  co rrec ted  by th e  fa c to r  
sin©/(l+cos^©) can be expressed ass
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I  s  k c ~  { 1  -  s in 2 (©/2 )} (11- 11 )
J  E  » 1 L
where k i s  a  constan t ( re la te d  to  H, equation  n - 2 ) ,  c i s  th e  
co n cen tra tio n  In  g /c c . , w  ^ i s  th e  w eight of th e  sp ec ie s  i ,  and 
i s  i t 8 m olecular w eight. The running in d ic e s  can have th e  
v a lu e s : i  = 1 , 2 , 3, e t c . , and j  s  a , b , c , e tc .  Equation 11-11 
can be a lso  w ritte n  a s :
I j  s  k c £  1 “ (« /2 )} (11- 1 2 )
where i s  the  weight f ra c t io n  a w^/ £ w^.
The in te rc e p t o f  each s t r a ig h t  l in e  o f th e  po lyd isperse  
system gives a  f ig u re  p ro p o rtio n a l to  th e  weight average molecu­
l a r  weight of a l l  th e  c o n tr ib u tin g  sp ec ie s . In  t h i s  way, th e  
successive su b trac tio n  of neighbouring in te rc e p ts  y ie ld s  quan­
t i t i e s  p ro p o rtio n a l to  each z^M^. For in s ta n c e , in  a b id isp a rse  
system:
^  ~ *lMl <1 “ f>iSin2e /2 )  + z 2^ 2(1  “ (^2sin ^®/2 ) (H -1 3 )
Ja ~ * i * i ( l  “ |3iBin2®/2) (II-H i)
In te rc e p t o f I a  g ives a q u a n tity  p ro p o rtio n a l to  and th e
d iffe ren ce  between in te rc e p ts  o f 1^ and I  1b p ro p o rtio n a l to  
Z2M2 . Now, i f  th ese  in te rc e p ts  (a lread y  su b trac ted  one from th e  
o th e r)  are norm alized to  one, th e  s lopes |3-^, 5* 5 '
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become d i r e c t ly  p ro p o rtio n a l to  th e  squares o f th e  r a d i i  o f  th e  
corresponding sp h e ric a l p a r t ic le s*  In  o th e r  words, equation  
11-10  can be used in  gpneral w ith  a^ and p ^ .
I I I .  SCATTERING OF LIGHT BY SODIIM SILICATE SOLUTIONS
The study of sodium s i l i c a t e  so lu tio n s  by the  l ig h t  
s c a t te r in g  technique was begun by Debye and Nauman^* who t r i e d  
to  get a  more complete s t r u c tu r a l  p ic tu re  o f th ese  so lu tio n s  
than  th a t  assumed by some e a r l i e r  in v e s tig a to rs*  whose ideas 
have been described  in  se c tio n  I  of t h i s  d is s e r ta t io n .  These 
e a r l i e r  in v e s tig a to rs  suggest th a t  the  so lu tio n s  may contain  
complex aggregates, m ic e lle s , 2 o r c o l lo id a l  m a te r ia l .3 Crude 
l ig h t  s c a t te r in g  experim en ts^ '5 had been done p rev io u sly ; th e se  
experim ents showed a la rg e  in crease  in  th e  in te n s i ty  of th e  
l ig h t  s c a tte re d  from sodium s i l i c a t e  so lu tio n s  w ith r a t io s  
g re a te r  th an  3 .0 . The s c a tte r in g  was much g re a te r  th an  th a t  
from o rd in a ry  moncmolecular so lu tio n s , and the presence of 
c o l lo id a l  p a r t ic le s  o r m ice lle s  was the  apparent reason  fo r  
t h i s  f a c t .  With more re fin e d  l ig h t  s c a t te r in g  tech n iq u es ,^  
Debye and Nauman concluded th a t  c a re fu lly  f i l t e r e d  sodium meta­
s i l i c a t e  so lu tio n s  d id  not aggregate but d isso c ia te d  in to
lp .  Debye and R. V. Nauman, J .  Chem. Phys. XVII 
(19U9), 661;.
2J .  7 . Cann and K. E. Gilmore, J .  Phys. Chem. XXXII 
(1928), 72.
3r. W. Harman, Phys. Chem. XXXII (1928), Ui*
^L. Burgess and K. K rishnam urti, Trans. Faraday Soc. 
XXVI (1930), 57U.
^P. B. Ganguly, Phys. Chem. XXX (1926), 706.
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simple io n s . The tu rb id i ty  measurements were made on so lu tio n s  
th a t  had been s tan d in g  a week o r more. Some o f the  measurements 
were rep ea ted  sev e ra l days to  a week a f te r  the  f i r s t*  w ith  l i t t l e  
change in  r e s u l t s .  Therefore th e re  was no evidence th a t  com­
plexes developed in  th ese  so lu tio n s  in  th e  course o f  tim e . How­
ever* i t  was n o ticed  th a t  unreproducible m olecular w eights o f 
800 and 1800 were found in  m e ta s i l ic a te  so lu tio n s  prepared  from 
d rie d  c r y s ta ls  or commercial samples.
The same authors^  rep o rted  th e  ex isten ce  o f email 
p a r t ic le s  in  d i lu te  so lu tio n s  o f sodium s i l i c a t e s  w ith  m olar 
SiC>2/Na20 r a t io  as h igh as  3*75:1. They again  s tre s se d  th e  
p o in t th a t  th e se  so lu tio n s  were c a re fu lly  f i l t e r e d .  At high 
co n cen tra tio n s  th e  tu r b id i t i e s  o f th e  sodium s i l i c a t e s  o f r a t io  
2 .0 :1  o r lower give no evidence of any aggregation . S olu tions 
o f g re a te r  r a t io s  give t u r b id i t i e s  th a t  in c rease  w ith  concentra­
t io n .  These tu r b id i t i e s  are a lso  much g re a te r  than  those  o f 
sucrose a t  high co n cen tra tio n s . This f a c t  was a t t r ib u te d  to  
e i th e r  a poor so lvent a b i l i t y  o f th e  w ater fo r  sodium s i l i c a te  
o f high r a t io  o r to  a small amount of aggregation a t  high con­
c e n tra tio n . In  any case th e re  was no evidence o f ex is ten ce  o f 
very  la rg e  p a r t ic le s .
In  th e  3.75 r a t io  sodium s i l ic a te *  the  tu r b id i t i e s  
and th e  pH 's o f th e  d i lu te  so lu tio n s  were found to  in c rease  w ith 
tim e. M olecular w eights of 5*000 to  10,000 were c a lc u la te d  fo r  
th e  p a r t ic le s  when tu r b id i ty  stopped changing.
^R. V. Nauman and P. Debye* J .  Fhys. and C o llo id . Chem. 
LV (1951), 1 .
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Angular s c a tte r in g  p a tte rn s  w ith  g re a te r  in te n s i ty  a t  
lower ang les were in c o n s is te n t w ith  the former conclusions. I f  
a l l  th e  p a r t ic le s  were t r u ly  sm all th e  in te n s i ty  o f th e  s c a tte re d  
l ig h t  should have shown no disym m etrical dependence on th e  angle 
o f  o b se rv a tio n . However, th e  au thors  a ffirm  th a t  t h e i r  ex p eri­
m ental technique had to  be improved before g iv ing  more d e f in i­
t iv e  conclusions.
In  a subsequent p u b l i c a t i o n , ^ th e  former p ic tu re  was 
completed. I t  was re a liz e d  th a t  concen trated  sodium s i l i c a t e  
so lu tio n s  in  th e  1 to  I4. S i02/Na20 r a t io  range con ta in in g  35%
or more s i l i c a t e  show ra th e r  s tab le  tu r b id i t i e s  over p e rio d s  of 
months to  a y ea r . D ilu te  so lu tio n s  in  th e  same r a t io  range 
have slow ly in c re a s in g  tu r b id i t i e s  accompanied by a s n a il  but 
s ig n if ic a n t  pH in c re a se . The tu r b id i ty  in c reases  a re  be liev ed  
to  be r e a l  and probably r e s u l t  from a very  slow polym erization  
o f s i l i c i c  ac id  formed by h y d ro ly s is  o f th e  s i l i c a t e  ions w ith 
th e  form ation of hydroxyl io n s . A so lu tio n  purposely  contami­
nated  w ith carbon dioxide showed an i n i t i a l  increased  tu rb id i ty  
when compared w ith  ano ther so lu tio n  in  which contam ination was 
p reven ted . However, t h e i r  behaviors were q u ite  s im ila r  as  fa r  
as r a te  o f in c rease  o f  tu r b id i ty  was concerned. This r e s u l t  
in d ic a te s  th a t  carbon d ioxide contam ination could no t p o ssib ly  
cause the tu r b id i ty  in c rea se s  th a t  are  observed in  a l l  cases.
ThiB was confirmed by th e  fa c t  th a t  3*75 r a t io  so lu tio n s  th a t  
were sea led  perm anently under n itro g en  in  g lass  s c a t te r in g  c e l l s  
behave l ik e  th e  former ones kept in  polyethylene b o t t le s .
^P. Debye and R. V. Nauman, J .  Phys. Chem. LXV
(1961), 5 . “   —
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When Bryant® s tu d ied  th e  In fluence of p a r t ic le  s iz e  
and e le c tro ly te  con ten t on th e  t i t r a t i o n  curve of s i l i c a  s o ls ,  
he prepared them by a c id ify in g  sodium s i l i c a t e  so lu tio n s  w ith 
hydroch lo ric  ac id  u n t i l  the  pH had f a l le n  to  a low v a lu e . This 
op era tio n  allowed th e  re a c tio n  m ixture to  g e l ;  a f t e r  ageing th e  
g e l and removing the e le c tro ly te  by washing th e  g e l w ith  w ater, 
th e  product was t r e a te d  w ith  d i lu te  sodium hydroxide and d is ­
persed  by au toc lav ing . The white mobile l iq u id  obtained  by 
removal o f undispersed g e l by c e n tr ifu g a tio n  contained about 
15% o f  s i l i c a  w ith a S i02/Na20 r a t io  o f about 250 and had pH 
about 10. The average m olecular w eight of th e  p a r t ic le s ,  
determ ined by Debye's l ig h t  s c a t te r in g  techn ique , was o f the  
o rder o f 2 .5  x  10®.
Greenberg and S in c la ir?  rep o rted  a l ig h t  s c a t te r in g  
study of the  form ation of p o ly s i l ic ic  ac id  in  b as ic  media, p re­
pared by mixing very c lean  so lu tio n s  of ammonium a c e ta te  and 
sodium m e ta s i l ic a te .  The ra te  of polym erization  of s i l i c i c  
ac id  was follow ed in  equivolume m ixtures o f  3$ ammonium a c e ta te  
and sodium m e ta s il ic a te  so lu tio n s , th e  co n cen tra tio n s o f which 
v a ried  from 0 .1  to  10$. The r a te  of polym erization  was assumed 
p ro p o rtio n a l to  th e  square ro o t o f  th e  tu r b id i ty  value as a 
function  o f tim e . This r a te  in c reased  w ith  s i l i c a t e  concentra­
t io n  up to  1%. Above t h i s  concen tra tion  the  r a te s  were lower. 
The tu r b id i t i e s  o f th e  m ixtures w ith  th e  5 and 10$ so lu tio n s  of
®K. C. B ryant, J .  Chem. Soc. (1952), 3017.
?S. A. Greenberg and D. S in c la i r ,  J .  Phys. Chem. LIX 
(1955), U35.
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s i l i c a t e  d id  not change- Measurements o f th e  pH o f the  so lu tio n s  
showed th a t  th e  re a c tio n  does no t proceed above pH 11 and in ­
c reases  in  r a te  as  th e  pH i s  lowered to  8 . 6 . I t  was a lso  observed 
th a t  tem perature la rg e ly  in flu en c es  th e  r a t e .
Both d e p o la riza tio n  and dissymmetry measurements were 
used to  study th e  s tru c tu re  and s iz e  o f th e  p o ly s i l ic ic  ac id  
polym ers. Dissymmetry measurements made in  se v e ra l suspensions 
showed close  agreement w ith th e  th e o r e t ic a l  values corresponding 
to  spheres. D epo lariza tion  o f se v e ra l s o ls  was examined ju s t  
befo re  f lo c c u la tio n  occurred* when th e  p a r t ic le  d iam eters were 
approxim ately 1500 angstroms* and the r e s u l t s  co rroborated  the  
conclusion th a t  the  s o l p a r t ic le s  were la rg e  amorphous iso tro p ic  
spheres.
The exp lanation -*-0 given to  account fo r  a l l  th ese  
r e s u l t s ,  ob tained  fo r  th e  l s l  r a t io  only* i s  based on th e  two- 
s tep  h y d ro ly s is  o f s i l i c i c  a c id , which has th e  low io n iz a tio n  
co n stan ts  K-^  -  10“ ^°® and Kg g
HgSiO^ + HgO s H^SiOj^’ + OH" (III-l)
H3SiOi|" + H20 s HUSi(\  + ( I I I -2 )
Following Hurd's-*^- condensation view on th e  po lym erization  of 
s i l i c i c  acid* Ghreenberg and S in c la ir  propose the  fo llow ing  
re a c tio n  s
-*-°S. A. Greenberg and D. S in c la ir*  op. c i t .
B. Hurd, Chem. Rev. XXII (1938), 1+03-
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OH CH OH OH
HO-Si-O” + HO-Si-GH s HO-Si-O-Si-QH + OH” (H I-3 )
OH OH GH OH
This re a c tio n  i s  c o n s is ten t w ith th e  concen tra tio n  dependence o f 
th e  r a te  observed in  t h e i r  work and in  th a t  o f Richardson and
“Ip
Waddam. This mechanism was a lso  proposed by Ashley and 
Innes.^3  The h ig h est r a te  o f  re a c tio n  a t  pH 8 . 6 * which agrees 
w ith  th e  range 8 to  9 rep o rted  by M e rr i l l  and Spencer,^ i s  con­
s is te n t  w ith  the f a c t  th a t  th e  co n cen tra tio n  o f s i l i c i c  ac id  
and th e  s in g ly  io n ized  form are  both  reasonably  h igh . Soon 
a f t e r  polym erization  begins h ig h ly  so lv a ted  p a r t ic le s  o f approxi­
m ately  200 angstroms diam eter appear* This conclusion  i s  based 
on th e  observation  th a t  d iam eter versus time curves* when
e x trap o la ted  to  zero time in te rc e p t th e  o rd in a te  a t  approxi- 
o
m ately  200 A. During most o f  th e  time* po lym erization  and 
aggregation  are occurring  sim ultaneously . F inally*  aggregation  
alone predom inates u n t i l  a gel can be formed.
At h igher pH, Greenberg and S in c la ir  add, th e  so lu­
tio n s  c o n s is t  m ainly o f s i l i c i c  a c id  ions which would tend  to  
re p e l  each o th e r , th u s  accounting fo r  th e  low or n u l l  re a c tio n  
a t  pH 's g re a te r  than  11. They p re d ic t a lso  th a t  f o r  th e  same 
reason any p o ly s i l ic ic  ac id  would be expected to  depolymerize 
in  th e  high pH reg io n .
Richardson and J .  A. Waddara* Research VII (195U),
SU2.
-^K. D. Ashley and W. B. Innes, Ind . Eng. Chem. XLTV 
(1902), 2857.
litR. C. M e rr ill  and R. W. Spencer, J .  Phys. Chem. UV 
(1950), 806.
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Debye and N aunan^* '^  made an em p irica l tu rb id c rae trlc  
study o f th e  p a r t ic le  growth o f  sodiun s i l i c a t e  so lu tio n s  to  
which hydroch lo ric  a c id  was added* They ob tained  r e la t iv e ly  
s ta b le  so lu tio n s  con ta in ing  la rg e  p a r t ic le s ,  th e  aggregation  and 
s t a b i l i t y  o f which was found to  be dependent upon s a l t  concen­
t r a t i o n ;  consequently th e  m olar r a t io  o f th e  o r ig in a l  s i l i c a t e  
in flu en ced  th e  s t a b i l i t y  o f th e  f in a l  product* As in  th e  former 
study o f th e  a d d itio n  o f amnoniun a c e ta te  to  sodiun m e ta s i l i ­
c a te ,  pH in c reases  accompanied th e  aggregation . These pH in ­
c reases  were la rg e  a t th e  beginning and slower l a t e r .  The 
au tho rs  a t t r ib u te d  t h i s  to  a  probably  ra p id  h y d ro ly s is  o f  th e  
s i l i c a t e  which produces OH” io n s  p r io r  to  a slower aggregation  
o f the  hydrolyzed s i l i c a t e .
The term  aggregation  was used in s te a d  of polym eriza­
t io n  because of th e  low p a r t ic le  d en s ity  found from v is c o s i ty  
measurements and th e  very  ra p id  decrease o f the  g re a te r  p a r t 
o f th e  tu rb id i ty  in c rease  upon ad d itio n  o f  sodiun hydroxide.
This in d ic a te s  a much lo o se r access ib le  s tru c tu re  fo r  the  
aggregate  than  th a t  which would be expected to  e x is t  i f  poly­
m eriza tio n  by form ation o f  SL-CV-Si bonds occurred . However, 
Debye and Nauman admit th a t  a slower po lym erization  probably 
a lso  occurs to  a minor e x te n t.
1,11  ................... i ■■ i . . . .  i i ii g
l£ p . Debye and R. V. Nauman, J .  Phys. Chem. LXV 
(1961), 10.
1% . Debye and R. V. Nauman, unpublished Reports 
to  the Sodium S i l ic a te  M anufacturer’s I n s t i t u t e ,  (19U8-52).
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I n i t i a l  experim ents performed w ith r a th e r  concen trated  
so lu tio n s  (about 0 .8  H SiC^), r a t io s  o f which a f te r  ad d itio n  o f 
HC1 were lower th an  5:1 , gave c o n tin u a lly  r is in g  tu r b id i t i e s .  
Most o f th e  systems ev en tu a lly  gave p r e c ip i ta te s ,  w hile th e  pH 's 
were e s s e n t ia l ly  constan t throughout long  p erio d s  of observation .
Many so lu tio n s  were s tu d ied  in  a much lower concentra­
t io n  range; th ese  so lu tio n s  had I n i t i a l  pH 's in  th e  reg ion  from 
2.3 to  1 2 .5 . Again, no s t a b i l i t y  was found; in c re a s in g  r a te  o f 
aggregation  was observed in  a l l  c a se s , bu t th e  order o f magni­
tude in c reased  w ith  decreasing  pH in  b as ic  medium. The maximum 
i n i t i a l  r a te  o f aggregation  was found t o  be around pH 7*6, but 
t h i s  value can be in accu ra te  because th e  tu r b id i ty  versus time 
curve undergoes an abrup t change from one of s n a il  i n i t i a l  slope 
to  one of la rg e  i n i t i a l  slope in  t h i s  reg ion .
E valua tion  o f th e  many experim ents in  b a s ic  so lu tio n s  
in d ica te d  th a t  tu r b id i ty  s t a b i l i t y  n ea rly  as good as th a t  in  
th e  low r a t io  range 1 ^  r  ^  U could be ob tained  in  the  
h igher reg ion  i f  SiC^ co n cen tra tio n  and NaCl concen tra tion  were 
p ro p erly  a d ju s ted . A so lu tio n  of 136 r a t io  experienced a  t u r ­
b id i ty  change o f only 5% in  3h days a f te r  experiencing  a te n ­
fo ld  tu r b id i ty  in c rease  in  th e  f i r s t  th re e  d a y s .^
The angular s c a t te r in g  p a tte rn s  o f t h i s  so lu tio n  and
o f those  ob ta ined  in  a s e r ie s  o f d i lu t io n s  were determ ined. The
dissym etry  d a ta  was f i t t e d  w e ll by sp h e ric a l p a r t ic le  d is t r ib u -
o
t io n  made up o f 99*92% o f  th e  m olecules w ith  a  330 A ra d iu s  and
^ P .  Debye and R. V. Nauman, unpublished R eports to  
th e  Sodium S i l ic a te  M anufactu rer's  I n s t i tu te  (19li8-£2).
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0.03% w ith  a  96Q &• Crude e le c tro n  m icrographs in d ic a te d  
e s s e n t ia l ly  a monodisperse system of spheres w ith  a  d iam eter o f 
th e  o rd er o f  300 I j  however, th e  c a l ib ra t io n  could have been 
wrong by a  fa c to r  o f two o r th re e .  The m olecular weight o f th e  
aggregate was found to  be 5*78 x  10^ unco rrected  fo r  d is s y m e try . 
T his compares f a i r l y  w ell w ith  a  m olecular weight o f  11.3 x  10^ 
estim ated  from angular s c a tte r in g  and v is c o s i ty  d a ta .
The tu r b id i ty  and the  angular s c a t te r in g  p a t te rn  of 
th e  d ilu tio n s  o f t h i s  same sample remained constan t w ith in  
experim ental e r ro r  throughout th e  perio d  o f ob serv a tio n , which 
was about a  y ea r . Many o th e r experim ents were run . The tu r b i ­
d i ty  in c re a se s  were in  a l l  cases much le s s  rap id  fo r  those 
so lu tio n s  th a t  were d ilu te d  a f t e r  apprec iab le  aggregation  had 
occurred . The ones lack ing  excess s a l t  had e s s e n t ia l ly  s ta b le  
t u r b id i t i e s .
IV. SPECIFIC DIFFERENTIAL INDICES OF REFRACTION
Equation I I - 2 in v o lv es th e  square o f the  sp e c if ic  
d i f f e r e n t i a l  r e f r a c t iv e  index  which must be ex p erim en ta lly  de­
term ined . The p re c is io n  w ith  which ab so lu te  m olecular w eights 
can be ob tained  depends g re a t ly  on th e  accu ra te  measurements o f 
th e  change in  r e f r a c t iv e  index w ith  co n cen tra tio n . For low 
range concentrations*  i t  i s  necessary  to  make measurements 
accu ra te  to  5 x  10”^» Therefore* th e  use of ab so lu te  in d ice s  
in  o rder to  get th e  d i f f e r e n t i a l  value i s  ru le d  out fo r  work 
o f h igh  p re c is io n . The d ir e c t  measurement can be made in  in te r ­
ferom eters o r d i f f e r e n t i a l  re frac to m e te rs  j the  l a t t e r  in s tru ­
ments are  s l ig h t ly  le s s  accu ra te  than  th e  form er.
The tem perature c o e f f ic ie n t  o f th e  r e f r a c t iv e  index 
increm ent i s  u su a lly  sm all,^  but i t  i s  e s s e n t ia l  to  avoid 
therm al d iffe re n c e s  between so lvent and so lu tio n .
O
Debye and Naunan measured th e  r e f r a c t iv e  in d ic e s  of 
sodium s i l i c a t e  so lu tio n s  o f vary ing  SiC^/NagO molar r a t io  
r e la t iv e  to  th a t  o f  w ater by means of a  d i f f e r e n t i a l  refractom - 
e t e r .  A u se fu l th re e -c o n s ta n t equation  fo r  the  concen tra tio n  
dependence o f the  sp e c if ic  d i f f e r e n t i a l  r e f r a c t iv e  index as  a
■^B. A. B rice and M. Halwer* J .  Opt. Soc. Am. XLI 
(1951), 1033.
2p. Debye and R. V. Nauman* J .  Phys. Chem. UCV
(1961), 8 .
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fu n c tio n  o f the m olar r a t io ,  r ,  was derived  on th e  b a s is  of th e  
a d d i t iv i ty  o f th e  re f ra c t io n s  o f atoms having common surroundings. 
This appears to  be a reasonable assumption fo r  d ilu te  so lu tio n s .
A sodium s i l i c a t e  con ta in ing  p m olecules of S i02 and q o f Na20 
( r  * p /q ) con ta ins p atoms of S i, 2q atoms of Na and (2p + q) 
atoms o f  oxygen. A ll the  oxygen atoms do not have th e  same 
surrounding e le c tro n  d is t r ib u t io n ,  consequently  the  p o la r iz a b i-  
l i t i e s  o f  th e  oxygen atoms w i l l  no t be th e  same. 2q oxygen 
atoms are  e s s e n t ia l ly  in  th e  form of (T ions in  o rder to  com­
pensate  fo r  th e  2q sodium io n s . As a f i r s t  approxim ation, a l l  
th e  charged oxygen atoms can be considered  to  have th e  same 
p o la r iz a b i l i ty ,  even i f  the  anions are  aggregated , s ince th e  
former w i l l  not be bound to  s p e c if ic  sodium io n s  in  d i lu te  
s o lu tio n s . The r e s t  o f th e  oxygen atoms, (2p -  q) in  number, 
a re  - 0-  atoms which l in k  th e  S i atoms.
Ignoring  rea c tio n  f ie ld s ,  the  d i f f e r e n t ia l  r e f r a c t iv e  
in d ic e s  can be rep resen ted  by 2
in  which cn i s  the  number o f h y p o th e tica l (NagO^SiOgJp 
m olecules per cubic cen tim eter and o( i s  th e  p o la r iz a b i l i ty  
o f th e  m olecule.
th e  p o la r iz a b i l i ty  as a fu n c tio n  of p , q, c^, and th e  masses o f 
th e  d if f e re n t  atomss
(IV-1)
Expressing th e  concen tra tion  ( in  grams per c c .)  and
(IV -2)
n -  n e 8 ° n { p * S i  + 2qofNa + 2q(*0“ * °<Lo-j (IV” 3)
and in s e r t in g  them in to  equation IV-1, a rearrangem ent and 
in tro d u c tio n  o f r  s  p /q  g iv es:
n -  n_ A r  + B
- T - 2-  “ T - 7 - T
where th e  co n stan ts  A, By and C symbolize th e  fo llow ing  
ex p ress io n s:
A = °<S j * 2 ^ - 0 -  (IV-5)
m„, + 2 m„S i 0
c - ^N a  * m0 (IV-7)
mSi "+ ?  mQ
The constan t C can re a d ily  be evaluated  from th e  known atomic 
masses, g iv ing  1.03U» The o th er two co n s tan ts  were determ ined 
by p u ttin g  a le a s t  squares curve through th e  experim ental 
r e s u l t s  obtained from so lu tio n s  o f  very  pure sodium s i l i c a t e s  in  
th e  1 f  r  f  |  range. The f in a l  equation ,
n -  nB _ 0.0698 r  + O.W*21 (IV-8 )
r  + 1.03U
was ap p licab le  even in  th e  li ^  r  53 range in  which no d a ta  
were used fo r  th e  ev a lu a tio n  o f th e  co n stan ts .
V. VISCOSITY
V isco sity  measurements can be very h e lp fu l in  drawing 
conclusions about th e  m olecular behavior o f some m a te r ia ls  when 
th ey  a re  considered  in  connection w ith  o th e r types o f experim ental 
f a c t s ,  such as those  ob tained  from l ig h t  s c a t te r in g  tech n iq u es .
The g re a tly  increased  v is c o s i ty ,  ^  , r e s u l t in g  from th e  d isso lu ­
t io n  o f even low co n cen tra tio n s  o f a polymer or aggregate in  a 
so lv en t, can be used e i th e r  fo r  th e  determ ination  o f the  molecu­
l a r  weight o r th e  d en s ity  o f th e  so lu te . At v an ish in g ly  m a i l  
co n cen tra tio n s , each species in  a po lyd isperse  system w il l  make 
an independent co n tr ib u tio n  to  th e  in c re a se  in  v is c o s i ty ,  i . e . ,
V  ■ I  {< U -  *lol ^
i
where i s  the v is c o s i ty  o f th e  d isp e rse  system and 7 ^  th a t
o f th e  surrounding l iq u id .
D ividing by and by th e  co n cen tra tio n , c , and s ta t in g
th e  u su a l l im itin g  co n cen tra tio n  co n d itio n  in  o rder to  g e t r id  of 
in te ra c t io n  fo rc e s  e f f e c ts ,  equation  V -l becomes!
1 t r - _
0
(V-2)
where 7 |r  = 01^ /  /T ^  and th e  l e f t  hand side  term of equation
V-2 i s  th e  so -c a lle d  i n t r in s i c  v is c o s i ty ,  s
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Uo
= ^ ci [ "iJi = Z n M i  <T-3>
c
sine* 1e p ro p o rtio n a l to  w^ and z^ i s  th s  w eight f ra c t io n  of 
th a  i ^  sp ec ies .
The v is c o s i ty  o f a so l co n s is tin g  o f sp h e rica l p a r t ic le s  
should fo llow  th e  E in s te in  equations
%  = ^ o (1  + ( V ’ U )
where ^  i s  th e  volune f ra c tio n  of th e  p a r t ic le s .  This equation 
has been extended by various au thors to  account fo r  d ev ia tio n s  a t 
h igher co n cen tra tio n s . For a  very  d i lu te  suspension o f spheres an 
ex tension  given by Mooney^ a p p lie s  fo r  a f i n i t e  co n cen tra tio n :
ln f l j r = 2.5 $ 0 / ( 1 - k $ 0 )  (v-5)
where k i s  a c o n s ta n t.
Equation V-U can be expressed in  tenns o f th e  in t r in s ic  
v is c o s ity  in  order to  e lim inate  th e  concen tra tion  e f f e c ts :
= 2.5 9 ? /c  (V-6 )
This equation allow s one to  c a lc u la te  the  d en s ity  of the so lu te .
I t  can more su ita b ly  be w r itte n :
f  r  2.5/ [ o j  (T-7)
When th ese  equations are ap p lied  to  so lu tio n s  o f c o l lo id a l
"I
1M. Mooney, J . C ollo id  S c i. VI (1 9 $ l) , 162.
Ui
silica.:, th e  d en s ity  o f th e  d isp ersed  phase can be es tim ated  from 
th e  v is c o s i ty  d a ta , g iv ing  an id ea  not only o f th e  volume occupied 
by th e  Si02 p a r t ic le s  bu t a lso  o f th e  degree o f h y d ra tio n . For 
example, a so l o f th e  type pa ten ted  by Bechtold and Snyder^ con­
ta in in g  10$ Si02 by weight has a volume f ra c t io n  of 0.0U8 and 
th u s  may have a r e la t iv e  v is c o s i ty  of 1 . 1$ which i s  c lose  to  th e  
value of l . l l i  p red ic ted  by Mooney's equation . Sols s tu d ied  by 
Kruyt and Postma,^ however, had a h igher v is c o s ity  in  s p ite  of 
being much le s s  concen tra ted  in  Si02 than  th e  form er d isp e rs io n . 
Volume f ra c t io n s  o f so lu te  p a r t ic le s  in d ic a te d  q u ite  spongy or 
a ggregated  sm aller p a r t ic le s  con ta in ing  much enclosed w ater.
Debye and Nauman^**’ have found a decreasing  tre n d  fo r  
th e  d e n s ity  o f the d isp ersed  phase in  sodium s i l i c a t e  so lu tio n s  
w hile th e  r a t io  in c re a se s . On th e  o th er hand, Ukihashi^ rep o rted  
th e  rev erse  tre n d  when working w ith in  a low r a t io  range. In  th e  
fo llow ing  ta b le ,  d e n s it ie s  are c a lc u la te d  from h is  values fo r  
th e  apparent volume and compared w ith th e  Debye-Nauman f ig u re s .
^M. F. Bechtold and 0 . E. Snyder, U.S. P aten t 2,97U,902 
(E. I .  duPont de Nemours and Co., 1951)*
R. Kruyt and J .  Postma, Rev. t r a v .  chim. XUV (192$),
76$.
^R. V. Nauman and P. Debye, J .  Phys. and C ollo id  Chem.
LV (1991), 1 .
->P. Debye and R. V. Nauman, Phys. Chem. IXV (1961), 10. 
% • U kihashi, Asahi Garasu Kenkyu Hokoku IX (1999), 137*
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V I. MATERIALS AND EXPERIMENTAL METHODS
A. CESIUM SILICATE SOLUTIONS
Cesium s i l i c a t e  was made by m elting  99% grade CsQH and 
q u artz  in  platinum  c ru c ib le s  in  a M arshall T esting  Furnace a t 
2000° F. fo r  approxim ately 18 hours. Favorable p r io r  experience 
in  s im ila r  fu sio n s  was obtained  by u sin g  KQH in s te a d  o f CsQH. The 
cesium hydroxide was manufactured by K. and K. L a b o ra to rie s , In c . 
R eaction was almost complete and th e  m e lt, amounting to  about 67 
grams, was d isso lv ed  in  J>00 m l. o f b i d i s t i l l e d  w ater, th en  con­
ce n tra te d  under th e  heat o f an in fra re d  lamp down to  200 ml. 
Consecutive p ressu re  f i l t r a t i o n s  through M illip o re  f i l t e r s ,  manu­
fa c tu red  by Gelman Instrum ent Co., Chelsea, M ichigan, were 
p ra c tic e d  u n t i l  a constan t tu r b id i ty  value was obtained  fo r  th e  
f i l t r a t e .  The 0 .05 micron pore s iz e  was used.
The cesium s i l i c a t e  stock  so lu tio n  th u s  ob tained  was 
s to re d  in  a polyethylene b o t t l e  coated w ith  g ly p ta l .  Three co a ts  
o f the  c lean  lacq u e r, which i s  fre q u en tly  used to  se a l leaks in  
high vacuum system s, were ap p lied  to  prevent d iffu s io n  o f gases, 
p a r t ic u la r ly  CO2 ,  through th e  po ly e th y len e . P ip e tted  volumes of 
stock  so lu tio n  were d ilu te d  to  th e  d es ired  volume w ith  b i d i s t i l l e d  
w ater in  volum etric f la s k s .  Addition of measured volumes of 
s tandard ized  HC1 and CsCl so lu tio n s  was done on se v e ra l occasions 
always p r io r  to  th e  d i lu t io n  w ith  w ater. A ll these  so lu tio n s  were
poured as soon as they were prepared ( le s s  than  two m inutes lag ) 
in to  polyethylene b o t t le s  coated w ith  g ly p ta l .  They remained 
in s id e  th e  b o t t le  under a sm all amount of a i r  which does not seem 
to  a f fe c t  app reciab ly  th e  p ro cess .^
B. SODIUM SILICATE SOLUTIONS
Sodium s i l i c a t e  so lu tio n s  were made by e s s e n t ia l ly  th e
same procedure described  above fo r  cesium s i l i c a t e  so lu tio n s .
A stock so lu tio n  made by E. I .  duFont de Nemours and Co., I n c . ,
code number GC-1115-22-1, having an approximate 3*3 SiC^/NagO
r a t io ,  was used. This stock so lu tio n  was one o f those used in  a 
2previous work, having been prepared about eleven years  before 
th e  p resen t study was begun.
C. ANALYSIS OF AQUEOUS SILICATE SOLUTIONS
Sodium and cesium s i l i c a t e  stock so lu tio n s  were analyzed 
fo r  Si02 and a lk a l i  m eta l oxide co n ten t. The method o f concentra­
t io n  determ ination  co n sis ted  of dehydrating a measured volume of 
th e  s i l i c a t e  so lu tio n  and determ ining th e  weight o f th e  remaining 
s o lid s .  The dehydration was accomplished by h ea tin g  under an 
in f ra re d  lamp u n t i l  th e  s i l i c a t e  appeared to  be d ry . In  t h i s  way, 
lo s s  by s p la t te r in g  was minimized. A fterwards a d d it io n a l  heat was 
g rad u a lly  supplied  from beneath th e  sample by a hot p la te .  F in a lly , 
th e  c ru c ib le  w ith the  s i l i c a t e  was g rad u a lly  heated by a Meker
-^P. Debye and R. V. Nauman, Phys. Chem. USf (1961), 5«*
^P. Debye and R. V. Nauman, unpublished Reports to  the  
Sodium. S i l ic a te  M anufactu rer's  I n s t i tu te  (191*8-52).
burner to  th e  h ighest tem perature a t ta in a b le  w ith  the  experim ental 
arrangem ent. I t  was kept a t  t h i s  tem perature fo r  a t  le a s t  30 
m inutes. The l a s t  trea tm en t was repeated  a t  le a s t  tw ice u n t i l  
a constan t weight was v e r i f ie d .  Once th e  t o t a l  weight percentage 
o f s o lid s  was known, th e  M2O content was determ ined by t i t r a t i o n  
w ith  standard  acid  to  the m ethyl orange end p o in t. The molar 
r a t io  was c a lc u la te d  by assuming th a t  th e re  were no im p u ritie s  
in  th e  cesium s i l i c a t e .  The high q u a li ty  o f the  raw m a te r ia ls  usee} 
in  th e  p rep ara tio n  and th e  c a re fu l p recau tions taken  during the 
fu sio n  made t h i s  procedure accep tab le . Table I I  gives th e  r e s u l ts  
o f th e  a n a ly s is :
th e  sodium s i l i c a t e .
The r a t io s  and concen tra tions of the  d ilu te  so lu tio n s  
were c a lc u la te d  from the  f ig u re s  obtained fo r  the  stock so lu tio n s
and th e  known measured volumes of stock HC1 and CsCl so lu tio n s  as 
w ell as the cap ac ity  o f  th e  vo lum etilc  f la s k s .  The e r ro r  involved
TABLE I I
A nalysis o f S i l ic a te  S o lu tions
Cesium s i l i c a t e  Sodium s i l i c a t e
Concentrat ion ( g /cc . )
Molar r a t io  SiC^A^0 
Molar concen tra tion  as Si02 








The spectrographic a n a ly s is  of the  tra c e  m etals was known^ fo r
3
_ , „ -“T . Debye and R. V. Nauman. unpublished.R eports to  th eSodium S i l ic a te  M anufacturer'e  I n s t i tu t e  (l5u8-5?)»
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i s  c e r ta in ly  much le s s  im portant than  the  average dev ia tio n #  in  
tu r b id i ty  measurements.
The s tan d ard ized  HC1 so lu tio n s  were prepared by d i lu tio n  
o f Acculute S tandard Volumetric S o lu tions made by Anachemia 
Chemicals, fo llow ing  th e  in s tru c t io n s  fu rn ish ed  w ith th e  co n ta in e rs .
The cesiun  ch lo rid e  so lu tio n s  were made by acc u ra te ly  
weighing 98.2$$ grade CaCl made by Matheson, Coleman and Bell} 
b i d i s t i l l e d  w ater was used to  complete th e  d e s ire d  volume in  a 
volum etric  f la s k .  The a n a ly s is  o f th e  chem ical, fu rn ished  by th e  
m anufacturers, i s  given in  Table I I I .
TABLE I I I  
A nalysis o f Cesium Chloride
Cs as CsCl 98.2$%
Rb as Rb20 0 . 10$
Na as Na£0 0 . 6$%
K as KgO 0 . 023%
Li as L±20 0.00%
Water ( lo s t  a t  1*00° C .) 0.082%
Each of th e  so lu tio n s  was given a code d es ig n a tio n . This 
d esig n a tio n  co n s is ted  of a l e t t e r  and two numbers. The l e t t e r  C 
was used fo r  cesium s i l i c a t e  so lu tio n s  and th e  l e t t e r  S was used 
fo r  sodium s i l i c a t e  so lu tio n s . When d i lu tio n s  were made from th e  
a lread y  d i lu te  so lu tio n s , th e  tw o-figu re  numbers became th re e -  
f ig u re  ones by adding 1 and 2 (ex c e p tio n a lly  3> once) re sp e c tiv e ly  
to  th e  o r ig in a l  desig n a tio n  in  o rder to  r e a d i ly  id e n t i fy  th e i r
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o r ig in .  The a d d itio n a l 1 means a d i lu t io n  of 50 cc . to  100 cc . 
and 2 means a d ilu tio n  o f 25 cc . to  100 cc . (A dd itional 3s d i lu ­
t io n  of 10 cc . to  100 c c . ) .  Tables IV to  X in  Appendix C give 
r a t i o ,  co n cen tra tio n  of S i02 p lu s  M2O in  g /c c . ,  molar concentra­
t io n  o f ch lo rid e  io n s , i n i t i a l  pH and th e  time of i t s  measurement, 
and co n cen tra tio n  of added a lk a l i  m eta l io n s , i f  any.
D. CLEANING OF SOLVENT AND SOLUTIONS
The so lvent used fo r  p reparing  a l l  the  so lu tio n s  was 
lab o ra to ry  d i s t i l l e d  w ater t r e a te d  w ith potassium  permanganate 
and r e d i s t i l l e d  through a Pyrex system provided w ith  a column 
f i l l e d  w ith  g la ss  beads. This procedure caused most o f th e  dust 
and l i n t  to  be e lim in a ted . Comparative tu r b id i ty  measurements 
showed th a t  f i l t r a t i o n  d id  not improve the  q u a li ty  o f  th e  so lv en t. 
T u rb id ity  v a lu es , ob tained  on d if f e re n t  days throughout th e  course 
of th i s  work, a re  not very  good i f  compared w ith the 0.1*8U x 10"* 
rep o rted  by Kraut and D and licker,^  but th ey  were f a i r l y  co n s ta n t. 
Extreme values were 0.552 x 10” ^  and 0.619 x 10“^ . Angular 
s c a t te r in g  p a tte rn s  of th e  solvent alone showed c le a r ly  th a t  a t 
th e  most th e  average s ize  of th e  dust corresponds to  a rad iu s  of 
about 2000 Xj th ese  dust p a r t ic le s  were not e lim inated  by f i l t r a ­
t io n .  R e d is t i l le d  w ater was s to red  in  a la rg e  polyethylene b o t t le .
The so lu tio n s  were f i l t e r e d  through platinum  f i l t e r  
c ru c ib le s  under n itro g e n  p ressu re  in  th e  range 10 to  20 pounds 
per sq . in c h . This procedure was used whenever the  tu r b id i ty  value
Kraut and W. B. D andlicker, J .  Phys. Chem. XXIII
(1955), 151*. “
was le s s  th an  0.01 cm”1 . L ater th e  f i l t r a t i o n  was abandoned when 
I t  was r e a l iz e d  th a t  same p a r t ic le s  were being e lim in a ted  in  
t h i s  manner. Cesium s i l i c a t e  so lu tio n s  were f i l t e r e d  only a t  th e  
beginning o f th e  growth p rocess when no b ig  p a r t ic le s  supposedly 
e x is te d .  The s e le c tio n  o f p la tin u n  f i l t e r s  in s te a d  o f s in te re d  
g la ss  o r s in te re d  s te e l  f i l t e r s  was made because of th e  proved 
inconvenience^ o f th e  g la ss  or s te e l  when used w ith  sodium 
s i l i c a t e  so lu tio n s .
A fte r each f i l t r a t i o n  of a s i l i c a t e  so lu tio n , th e  p la t ­
inum c ru c ib le  was washed co n secu tiv e ly  w ith aqueous KOH so lu tio n , 
d i lu te  HC1 (about 0.0$ form al) and fo u r o r f iv e  tim es w ith  b id is ­
t i l l e d  w ater. P r io r  to  reuse the in s id e  of th e  c ru c ib le  was 
wiped w ith  len s  paper in  order to  e lim in a te  most o f  th e  re s id u a l 
w ater. In  ad d itio n  a  sm all p o rtio n  of the  so lu tio n  to  be f i l t e r e d  
was d isca rd ed , once i t  passed through the  spongy platinum , to  
avoid a change in  th e  co n cen tra tio n  of th e  fo llow ing f i l t e r e d  p a r t .  
Irfhen a s e r ie s  o f so lu tio n s  o f the same molar r a t io  d if f e r in g  very 
l i t t l e  in  co n cen tra tio n  was f i l t e r e d  con secu tiv e ly , the  described  
c lean in g  procedure was not fo llow ed except fo r  d isca rd in g  a sm all 
f i r s t  p o rtio n  of each so lu tio n .
The square c e l l s  used to  co n ta in  the  so lu tio n s  fo r  the  
tu r b id i ty  measurements were cleaned in  the fo llow ing  manner. They 
were washed thoroughly  w ith  running tap  w ater, immersed in  chromic 
ac id  f o r  about 20 to  30 m inutes, r in s e d  thoroughly  again w ith 
running  ta p  w ater and f in a l ly  rep ea ted ly  washed w ith  b id i s t i l l e d
^R. 7 . Nauman and P. Debye, J .  Phys. and C ollo id  Chem.
LV (19$1), 2 .
w ater. They were d ried  f o r  a t  le a s t  one hour a t 110° C. in  an 
e l e c t r i c  oven before  u se . The c y l in d r ic a l  c e l l  used fo r  ob ta in in g  
th e  angu lar s c a t te r in g  p a t te rn s  was cleaned in  the  same manner, 
bu t d ried  in  a CaCl^ d e s ic c a to r  f o r  a t  le a s t  s ix  hours, w ith  
occasio n a l five-m inute in tro d u c tio n s  in to  the  e le c t r i c  oven.
This procedure was adopted in  o rder not to  a f f e c t  th e  thermosen­
s i t iv e  g lue w ith  which a  m e ta llic  base was f ix e d  a t  th e  bottom o f 
the  c e l l .
E. TURBIDITY MEASUREMENTS
Two apparatuses were used during the  course o f t h i s  work. 
The l ig h t  in t e n s i t i e s  fo r  some o f th e  sodium s i l i c a t e  so lu tio n s  
were determ ined by means o f a l ig h t  s c a t te r in g  photometer designed 
by B rice , Halwer and Speiser^  and m anufactured by Phoenix P rec i­
sion Instrum ent Co. The rem aining sodium s i l i c a t e  so lu tio n s  and 
a l l  the  cesium s i l i c a t e  so lu tio n s  were examined by means o f the 
l ig h t  s c a t te r in g  photometer designed by Hermans,7 Levinson,? 
Kremen®*^ and Shapiro® and m anufactured by American Instrum ent 
Co. (Aminco). The l a s t  instrum ent was used as  soon as i t  was 
a v a ila b le , since i t  was ju s t  c a l ib ra te d  in  th e  fa c to ry  and was 
more sim ply operated in  th e  opinion o f th e  au th o r.
®B. A. B rice , M. Halwer and R. S p e ise r , Opt. Soc. Am. 
XL (1950), 768.
7 j .  J .  Hermans and S. Levinson, Opt. Soc. Am. XLI 
(1951), U60 .
®J. Kremen and J .  J .  Shapiro , J .  Opt. Soc. Am. XLIV 
(1951), 500.
9J .  Kremen e t  a l . ,  U.S. P a ten t 2 ,873,61^ (Feb. 17, 1959).
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In  th e  Phoenix photom eter, th e  l ig h t  i n t e n s i t i e s  were 
measured by the  response of a type 1P21 p h o to m u ltip lie r  tube w ith  
th e  output cu rren t read  v is u a l ly  on a galvanom eter. N eu tra l 
f i l t e r s  of known tra n sm ittan ce  were in troduced  to  d im inish th e  
in te n s i ty  o f the  in c id en t beam in  o rder to  g e t an adequate 
d e f le c tio n  o f th e  galvanometer n eed le . The galvanometer could 
be ad ju sted  to  read  zero , th u s  e lim in a tin g  dark cu rren t e f f e c ts  
in  th e  f in a l  read in g . The l ig h t  source was a mercury lamp w ith  
a Corning Glass f i l t e r  employed to  i s o la te  l ig h t  having a wave­
len g th  o f 1*36 mix . A Sorensen model 2£0 e le c tro n ic  vo ltage  regu­
l a to r  provided s ta b i l iz e d  vo ltage  to  th e  mercury lamp transform er 
as w e ll as  to  the  power supply of th e  p h o to m u ltip lie r  tu b e .
I t  was found th a t  th e  n e u tra l  f i l t e r  tra n sm ittan ces
depend upon th e  combination of f i l t e r s  being used. Venable^-®
and D r o t t^  rep o rted  s im ila r  o b serv atio n s. Toward th e  end o f
12t h i s  work, th e  au tho r was informed th a t  French m anufacturers had 
ob ta ined  almost p e rfe c t m u l t ip l ic a b i l i ty  o f th e  tran sm ittan ces  by 
permanent immersion of th e  n e u tr a l  f i l t e r s  in. benzene. The am a l l  
d iffe re n c e  between in d ice s  o f r e f r a c t io n  of g lass  and benzene 
causes the  p e rtu rb in g  r e f le c t io n  e f f e c ts  p r a c t ic a l ly  to  d isappear. 
However, in  th e  beginning of t h i s  in v e s tig a tio n , the  tra n s ­
m ittan ces  o f th e  n e u tr a l  f i l t e r s  and th e i r  combinations were 
measured w ith  the Cary Recording Spectrophotom eter model II4R,
^ R .  L. Venable, H. S. Thesis L.S.U. (1958).
e . D ro tt, Ph. D. D is se r ta tio n  L.S.U . (1959)*
Hw. R. Krigbaum, p r iv a te  cansnunication (March 20, 1962).
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m anufactured by Applied Physics C orp., Monrovia, C a lifo rn ia .
Blue and green mercury l in e s  ( re sp e c tiv e ly  1*358 and £1*61 X) were 
used a f te r  determ ining th a t  th e  f i l t e r s  were not e x a c tly  n e u tr a l .  
This lack  o f  n e u t r a l i ty  i s  shown in  F ig . 12 where absorbancies 
fo r  th e  f i l t e r s  and sane of t h e i r  com binations are  p lo t te d  versus 
w avelength. Frcm th e  observed absorbancies th e  tra n sm ittan ces  
were c a lc u la te d . The r e s u l t s  are given in  Appendix C, Table X II, 
column G, only fo r  blue l ig h t .
A se t o f tra n sm ittan ces  from th e  same l ig h t  s c a t te r in g  
photom eter was ob ta ined  nex t by th e  fo llow ing procedure. With 
th e  phototube s e t  a t  zero degrees (w ith one ex cep tio n ; see expla­
n a tio n  fo r  column C o f Table XI) and no f i l t e r s  in  th e  beam p a th , 
th e  galvanometer and p h o to m u ltip lie r  knobs, both  of which a re  in  
th e  photometer i t s e l f ,  were ad ju sted  to  read a high number, 
u su a lly  100. Then f i l t e r  1 was in se r te d  and the galvanometer 
-deflec tion  was reco rd ed . F i l t e r  1 was removed and f i l t e r  2 in ­
s e r te d . This procedure was rep ea ted  fo r  th e  remaining f i l t e r s  and 
th e i r  com binations as long as  a  galvanometer read ing  o f  more than  
30 u n i ts  was observed. Next, f i l t e r  1 was in s e r te d  and th e  
galvanometer r e s e t  to  read  100 u n i ts .  A ll th e  form er s te p s  were 
rep ea ted  in  o rder to  get the  tra n sm ittan ces  o f th e  o ther f i l t e r s  
and com binations re fe r re d  to  th a t  o f f i l t e r  1. Each f i l t e r  o r 
combination of f i l t e r s ,  whenever p o s s ib le , was used as a re fe ren ce  
(assumed u n it tra n sm ittan ce )  f o r  measuring th e  tran sm ittan ces  of 
th e  rem aining ones. Each op era tio n  was done fo r  d if f e r e n t  v o ltag es  
in  th e  p h o to m u ltip lie r  c i r c u i t  in  order to  get mean v a lu es  from 
th e  f ig u re s  so ob ta ined  fo r  th e  tra n sm ittan ce  of one f i l t e r  (o r
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combination of f i l t e r s )  w ith re sp e c t to  th e  re fe ren ce  f i l t e r .
These tra n s m itta n c e - ra tio s , as th ey  may be c a l le d , are shown in  
Table XI expressed as mean v a lu es from th e  measurements above 
d escrib ed . For th e  sake o f c le a rn e ss  th e  r a t io  lb /23  means 
th a t  th e  tra n sm ittan ce  of the combination o f f i l t e r s  1 and b i s  
given assuming a u n it tran sm ittan ce  fo r  th e  combination of 
f i l t e r s  2 and 3» The f ig u re  0 means no re fe ren ce  f i l t e r  used.
The d if f e r e n t  columns in  Table XI have va lues measured 
w ith narrow s l i t  and b lue l ig h t  (b36 mu ) .  The meaning o f th e  
l e t t e r  th a t  heads each column i s  given on th e  page follow ing 
Table XI.
The d ev ia tio n s  observed fo r  each tra n sm itta n c e -ra tio  
i s  n o t recorded, but i t  amounts in  each case to  about t  0.003.
The maximum d e v ia tio n  observed in  very  few cases was 0.005.
Columns B and C show d iffe re n ce s  not g re a te r  th an  2»3% when 
comparison i s  p o ssib le  between t h e i r  values. For th e  same se t 
of v a lu es , columns D, E, and F show le s s  than  2% o f d iffe re n c e . 
Host of th e  remaining f ig u re s  a re  w ith in  th e  3%, w ith  th re e  
excep tions rang ing  from b to  9%, The second se t o f va lues 
(columns D» E, and F) was f in a l ly  se le c te d  since the experim ental
circum stances resemble b e t te r  those o f th e  tu rb id i ty  measurements.
Table XI shows a dependence on p o s itio n  more than on th e
n a tu re  o f th e  f i l t e r  or s c a t te r e r .  Furtherm ore, th e  f a c t  th a t  
v a lu es  from th e  l a s t  two columns (G and H) do not compare w ith 
th e  former ones, shows th a t  th e re  a re  d iffu s io n  e f f e c ts  and some 
minor r e f le c t in g  e f f e c ts .
Table XII g ives the tran sm ittan ces  o f th e  f i l t e r s  and 
t h e i r  com binations c a lc u la te d  from Table XI. The d ev ia tio n s  a re
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m u ltip lic a tiv e  so th a t  going downward th e  tran sm ittan ces  a re  le s s  
and le s s  worthy of confidence. This means, fo r  example, th a t  th e  
v a lu es  fo r  th e  combination 123U in  any column have a t le a s t  an Q% 
o f u n c e r ta in ty , The A column in  Table XII g ives th e  number of the  
f i l t e r  or com bination. The o th e r columns co n ta in  the  values c a l­
c u la te d  from th e  corresponding ones in  Table XI.
A lack  o f l i n e a r i t y  was observed in  th e  response of th e  
galvanom eter when the  corresponding knob ( in  th e  photom eter) 
governing i t  had any p o s it io n  between th e  numbers 0 and 1 on th e  
d i a l .  The p h o to m u ltip lie r  appeared to  have l in e a r  response, 
re g a rd le s s  o f  th e  p o s itio n  o f th e  re sp e c tiv e  knob. However, 
p h o to m u ltip lie r  vo ltag es  h ig h er than  800 v o l ts  (p o s itio n s  8 and 9)** 
caused marked f lu c tu a tio n s  in  th e  galvanometer read in g s . Any 
measurement w ith  the galvanometer was rep roducib le  when the  lamp 
had been on a t  le a s t  35 to  h0 m inutes, provided th a t  care was 
taken  t o  v e r ify  th e  f u l l  sca le  read ing  fo r  the  90° sc a tte re d  
l i g h t .  There was a gradual decrease of th e  in te n s i ty  of the 
mercury, lamp w ith  tim e; t h i s  decrease i s  very slow a f t e r  th e  
35 to  U0 minute s ta b i l iz a t io n  tim e.
The u n c e r ta in ty  in  th e  value o f th e  tra n sm ittan ces  fo r  
th e  more com plicated com binations of f i l t e r s  was one of th e  main 
reasons th a t  th e  Phoenix apparatus was no longer used when th e  
Aminco instrum ent became a v a ila b le . The reasonably  reproducib le  
tu r b id i ty  va lues ob tained  w ith  d if f e re n t  f i l t e r  com binations was 
due to  the  f a c t  th a t  ad jacen t f i l t e r s  having p r a c t ic a l ly  th e  same 
im p lic i t  e r ro r  in  th e  tra n sm ittan ce  were used. The f i l t e r  un­
c e r ta in ty  acq u ires  more im portance when one remembers th a t  a more
Sk
com plicated combination i s  used a t  th e  beginning o f a p rocess th a t  
gives t u r b id i t i e s  th a t  in c rease  w ith  tim e. In  such a case one has 
le s s  confidence in  th e  i n i t i a l  measured in t e n s i t i e s .  A very  rap id  
'  p rocess needs a more frequen t change of com binations and th e  whole 
tre n d  can be s ig n i f ic a n t ly  deformed.
B rice , Halwer and S p e is e r^  give th e  fo llow ing  equation 
fo r  c a lc u la tin g  th e  tu rb id i ty  from th e  measured in te n s i t i e s  
ob tained  from instrum ents o f t h e i r  designs
m 16 Ts D a M90 (VI-1)
3 R. h R,, M0
In  equation  V I-Is
n_ s  r e f r a c t iv e  index o f th e  so lv en t, always w ater in
t h i s  work. I t s  value fo r  1*36 mu i s  1.31*0.
T8 s Transm ittance o f th e  opal g lass  re fe ren ce  standard ,
equal to  0.81*0.
D a D iffu so r c o rre c tio n  f a c to r  fo r  the p a r t ic u la r
wavelength used. I t s  value i s  0.268 fo r  b lue l ig h t .
Rw/Rc -  R esidual r e f r a c t io n  constan t fo r  th e  c o rre c tio n  
of incom plete compensation fo r  r e f ra c t io n  e f f e c ts ,  equal to  1.025.
R^ = C orrection  f a c to r  fo r  r e f le c t io n  of th e  prim ary
beam upon emerging from the  c e l l ,  equal to  1.0l*5»
h s Depth o f th e  s c a tte r in g  so lu tio n  viewed (dependent
on th e  w idth of the  s l i t ) .  I t s  value i s  1.21 fo r  the  wide s l i t
and 0.1*3 fo r  th e  narrow s l i t .
■^B. A. B rice , M. Halwer, and R. S p e ise r, op. c i t .
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a s  an experim entally  determ ined constan t r e la t in g  the  
working standard  to  th e  opal g la ss  re fe ren ce  s tandard . This con­
s ta n t  changes w ith  any v a r ia t io n  in  th e  o p tic s  o f the  instrum ent.
M90 s  D eflec tio n  o f the  galvanometer fo r  th e  90° p o s i­
tio n  o f  th e  disc*
Mq -  D eflec tion  o f the  galvanometer fo r  th e  0° p o s i­
t io n  d iv ided  by th e  ap p ro p ria te  n e u tra l  f i l t e r  tra n sm ittan ce s .
In  l i e u  o f u s in g  a l l  th ese  fac to rs*  a constant was 
determ ined fo r  th e  p a r t ic u la r  type o f square c e l l  used. This 
constan t was m u ltip lie d  by n^(M ^q/Mq) in  order to  get th e  tu r b id i ty  
v a lu e s . A ll th e  c e l l s  employed in  th e  Phoenix photometer had th e  
same square sec tio n  and height* so they  have th e  same sc a tte r in g  
volumes and r e f le c t io n  p a t te rn s .  The constan t was determined on 
the b a s is  of the  excess tu r b id i ty  o f Styron (trad e  name fo r  
p o ly s ty ren e ), 0*5 grams of which were d isso lved  in  100 m l. o f 
f o u r - t im e s -d is t i l le d  reagent grade to lu en e . The Styron was 
ob tained  from Debye*s la b o ra to ry . I t s  excess tu rb id i ty  was 
determ ined by th e  abso lu te  camera method and was v e r i f ie d  by 
se v e ra l o th e r methods. The value 3h«90 x 10” ^  cm“^* which i s  
th e  average of those  rep o rted  by C arpenter and Krigbaum ^ fo r  
U36 mu* was used . The tu r b id i ty  o f to lu en e  i t s e l f ,  as rep o rted  
by th e  same au th o rs , i s  equal to  10.10 x 10" ^  cm"l fo r  the  same 
wavelength and was used as a means of checking th e  c e l l  constan t 
c a lc u la te d  on th e  b as is  o f  th e  Styron so lu tio n . Using th e  t r a n s ­
m ittances o f column D in  Table XII th e  value ob tained  fo r  t h i s
% ) .  K. Carpenter and W. R. Krigbaum* J .  Chem. Phys. 
XXIV (1956), io ia .
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constan t f o r  aqueous so lu tio n s  was 0.1585 from th e  Styron determ i­
n a tio n  and 0.1660 from th e  to luene  de term ina tion . These r e s u l t s  
a re  reasonably  w ell w ith in  normal l ig h t  s c a t te r in g  e r ro r  l im i ts .  
Therefore , th e  expression  used to  c a lc u la te  t u r b id i t i e s  from d a ta  
obtained  w ith  th e  Phoenix Apparatus was:
tT 8 °-159 <m9(/V (VI”2>
The American Instrum ent L ight S c a tte r in g  Photometer 
measured l ig h t  i n t e n s i t i e s  by means o f a VT£ p h o to m u ltip lie r  tube 
th e  sm all c u rre n ts  o f  which a re  m agnified by an a m p lif ie r  and 
read  on a m eter. A dark  cu rren t knob p rov ides a  bucking cu rren t 
to  cancel p h o to m u ltip lie r  tube dark c u rre n t. The source was a 
mercury lamp w ith  f i l t e r s  ap p ro p ria te  fo r  i s o la t in g  l ig h t  o f th e  
d es ired  wavelength (i;36 and J?U6 mp ) .  There are  fo u r n e u tra l  
f i l t e r s  w idely d if f e r e n t  in  tra n sm itta n c e . Only one o f  them 
(D-5) was req u ired  fo r  tu r b id i ty  measurements, but o ccas io n a lly  
two of them (D-2 and D-5>) were re q u ire d  fo r  angular s c a tte r in g  
measurements.
This instrum ent g ives one consid e rab ly  more confidence 
in  values measured a t  d if f e re n t  tim es. The c a lib ra tio n  of i t  i s  
very  sim ple. I t  depends only on th e  p h y s ica l dimensions and the  
tran sm ittan ce  of a n e u tra l  f i l t e r .  T herefore , no re l ia n c e  need 
be p laced  on such in ta n g ib le s  as th e  co n d itio n  o f d if fu s in g  sur­
fa ces  o r th e  lamp alignm ents. Uniform irra d ia n c e  a t th e  sample 
i s  assu red  by focusing  an image o f th e  ap e rtu re  stop  w ith in  th e  
c e l l .  The fa c t  th a t  c a l ib ra t io n  i s  not a ffe c te d  by th e  s iz e  o f
15th e  c e l l  was confirmed experim en tally .
The equation fo r  the c a lc u la tio n  o f  R ay le igh 's  r a t io  or 
reduced in te n s i ty  i s  the fo llo w in g :
R90 -  0.915 (v r2/ * - ^ )  Td %  <m9c/ V  (VI' 3)
In  equation  V I-3:
v s  Height of th e  beam in  cm. I t  was measured to  be
2.22 cm.
n_ s  Index of re f r a c t io n  o f the  so lu tio n  w ith  the  wave- s
leng th  used. The v a lu es 1.3l*0 fo r  pure w ater, 1.515 fo r  to luene 
and 1.520 fo r  benzene were used in  th e  c a lc u la tio n s .
ps^ = Area of sample end re c e iv e r  stop  = 0.1*1 cm .
p
Sg s  Area of phototube end re c e iv e r  stop =0.1*1 cm . 
r  s  D istance between sto p s 3 7*366 cm.
^  a T ransm ittance of n e u tra l  f i l t e r  a t th e  wavelength
used.
0.915 s  R eflec tio n  f a c to r  f o r  the unpainted c e l l .
By using equation A-68, which gives th e  r e la t io n  between 
tu r b id i ty  and R ay le ig h 's  r a t io  and reducing th e  f a c to rs  o f  equation 
VI-3 to  a co n stan t invo lv ing  th e  ap p ro p ria te  index of r e f r a c t io n , 
th e  fo llow ing  expressions can be w r itte n :
Toluenes 'C  = 2515U Td (M90/M0) (VI-1*)
Benzene s "XL = 25320 Td (M90/ft0 ) (VI-5)
Waters X  = W *  Td (M9(/M0) (VI-6)
    ..............
15 G. B rash ie r, p r iv a te  communication (February 23, 1962).
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The D-5 f i l t e r ,  th e  only one used to  a tte n u a te  th e  
in te n s i ty  o f th e  in c id en t l i g h t ,  was checked a g a in s t th e  o th er 
n e u tr a l  f i l t e r s  o f  th e  apparatus in  th e  same manner a s  th a t  
described  fo r  th e  Phoenix instrum en t. V alues ob tained  in  t h i s  
manner are  shown in  Table X III , t h i r d  column. I t s  tran sm ittan ce  
was a lso  determ ined by comparison w ith  th e  excess tu r b id i ty  of 
S tyron so lu tio n s  (A, B, and C) and w ith  the flu o ro m etric  grade 
benzene tu rb id i ty  which, according to  C arpenter and K rigbaum ,^ 
i s  8.00 x  10-k cm Expcrim0Q t r o s u i t 8 Art shown In  Tab la  XJJJ*
TABLE X III
Transm itt ance of D-5 N eu tra l F i l t e r  x 106
Date Styron Benzene F i l t e r ' s  Check
11/ 9/61 9-U3 ± 0.10 (A) —
3/10/62 9.03 t  0.26
3/12/62 9 .15  i  0 .1 0 (B) — —
3/12/62 9 .U7 ± 0 .1 0 (C) —
U/ U/62 9 .18  ± 0 .1 0 (B) 9 .20  + 0 .1 0 8.90  t  0.20
U /ll/6 2 9-23 t  0 .10 (B) 9 .0 5  i  0 .1 0 —
U /ll/6 2 9 .13  t  0 .1 0 (C)
The value 8.55 3c 10~6 i s  th e  tran sm ittan ce  rep o rted  by
the  m anufacturers* This value i s  c o n s is te n t w ith  t h e i r  R ay le igh 's  
r a t io  U3.7 x HT^ fo r  th e  flu o ro m etric  grade b e n z e n e .^
K. C arpenter and W. R. Krigbaum, op. c i t .
K. Howerton and J .  Kremen, R ayleiffr1s R atio  and 
D epo lariza tion  F ac to rs  o f Coherent S c a tte r  (Aminco7"l96i), 8 ."
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On th e  o th e r hand, the  tra n sm ittan ce  obtained^-® from th e  
Cary Recording Spectrophotom eter, 9*75 x 1Cr®, i s  h igher than  a l l  
th e  values given in  Table X III . However, in  ad d itio n  to  th e  mean 
d ev ia tio n  of * 0.13 x  1CT® th e re  can be another e r ro r  of 0 .20 x 10”® 
u n its  because abso rp tion  peak h e ig h ts  were used in s te a d  of absorp­
t io n  a re a s . The experim ental absorbancy a t  !|358 angstroms was th e  
only one used fo r  th e  c a lc u la tio n .
The value f in a l ly  se le c te d  fo r  th e  c a lc u la tio n  of 
tu r b id i t i e s  i s  9*2 x  10”®, a mean o f a l l  th e  f ig u re s  contained  
in  Table X III. I t  i s  7% h igher than  the  m an u fac tu re r 's  va lu e .
T u rb id itie s  of some sodium s i l i c a t e  so lu tio n s  were 
o ccas io n a lly  measured w ith both  in stru m en ts, Phoenix and Aminco. 
Table XIV gives these  v a lu es ; th e  h ig h er tu r b id i t i e s  show c lo se r  
agreem ent. This i s  probably due to  th e  fa c t  th a t  in  th e  Phoenix 
apparatus th e  com bination o f f i l t e r s  becomes le s s  com plicated 
as t u r b id i t i e s  in c re a se .
Equation VI-6 can be s im p lif ied  by using  th e  tra n s ­
m ittance  of the D~5 f i l t e r ,  becoming;
0.181 (m90/ m0 ) (VI-7)
when w ater i s  the so lv en t.
F. MEASUREMENT OF ANGULARLY SCATTERED LIGHT INTENSITIES
S ca tte red  l ig h t  in t e n s i t i e s  a t  v a rio u s  angles were 
measured fo r  the  cesium s i l i c a t e  so lu tio n s  in  th e  Aminco photom eter.
l^A. T. Armstrong, p r iv a te  communication (Feb. 21, 1962).
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k  c y l in d r ic a l  c e l l  th a t  has almost h a l f  of i t s  su rface  etched  
was used. This c e l l  was mounted on a m etal base p la te  th a t  was 
f i t t e d  to  the c e l l  ta b le  of th e  instrum ent. In  o rder to  secure 
proper alignment o f t h i s  c e l l  a r e f le c te d  image of th e  in c id en t 
beam was made to  co incide w ith  th e  in c id en t beam a t th e  same tim e 
th a t  maximum in te n s i ty  was r e g is te re d  by th e  meter when th e  angle 
d isc  was se t a t  th e  0° p o s it io n . Twice d i s t i l l e d  reagen t grade 
carbon te tra c h lo r id e  was employed to  o b ta in  a s c a tte r in g  p a tte rn  
a t  sev era l angles to  v e r ify  th e  symmetry and p o s itio n  o f th e  c e l l .  
Garbon te tra c h lo r id e  gives a symmetrical s c a tte r in g  p a tte rn  w ith 
i t 8 minimum a t  90° since i t  obeys the  r e la t io n :
I  ^  (1 + cos2e ) / s in  0 (71-8)
The measured in te n s i t i e s  were m u ltip lie d  by th e  re c ip ro c a l o f  the  
r ig h t  hand side  o f r e la t io n  VI-8. I t  i s  re a d ily  seen th a t  t h i s  
o p era tio n  must y ie ld  constan t va lues fo r  the  co rrec ted  in te n s i ty  
independent o f th e  angle o f observation  when th e  c e l l  i s  p ro p erly  
p o s itio n ed  and o rie n te d  and when th e  CCl^ i s  c lean . Table IV 
shows the  re su lts*  which appear to  be f a i r l y  constant except fo r  
135°« This exception was p r a c t ic a l ly  th e  ru le  in  a l l  the observa­
t io n s  o f s i l i c a t e  so lu tio n s ; the  r e s u l t in g  values were always 
h ig h er than  expected. For t h i s  reason* s c a tte r in g  values a t  
© s  135° were no t used.
Measured in te n s i t i e s  of cesium s i l i c a t e  so lu tio n s  a t  a l l
ang les were co rrec ted  by th e  f a c to r  sin© /(1+cos2©) to  e lim in a te  the
co n tr ib u tio n  of h o r iz o n ta lly  p o la riz e d  s c a tte re d  lig h t*  a r is in g
from th e  f a c t  th a t  unpo larized  in c id e n t l ig h t  was used, m  the  
measurements were made w ith  blue l ig h t  (U36 mjx ) and narrow s l i t s .
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G. MEASUREMENT OF DIFFERENTIAL INDICES OF REFRACTION
A d i f f e r e n t i a l  re frac to m ete r described  by B rice , Halwer 
and Speiser -^9 and m anufactured by th e  Phoenix P rec is io n  Instrum ent 
was employed to  get va lu es  o f (n -  n ) .  The instrxm ent c o n s is ts  
o f  a mercury lamp and f i l t e r s  id e n t ic a l  to  those  o f th e  Phoenix 
l ig h t  s c a tte r in g  photom eter; a b i l a t e r a l  spectrom eter s l i t ;  a 
jack e ted  housing con ta in ing  an opal g la ss  d i f f e r e n t i a l  c e l l ;  a 
p ro je c tio n  len s  and a f i l a r  microm eter eyepiece. The c e l l  mounting 
can be ro ta te d  180° about a v e r t ic a l  a x is , th u s  doubling the  devia­
t io n  and consequently making unnecessary a frequen t check of the 
zero p o s it io n . One m i l l i l i t e r  o f b o th  so lu tio n  and so lvent a re  
req u ired  fo r  the  measurements. The l im itin g  s e n s i t iv i ty  i s  about 
3 in  th e  s ix th  decim al f ig u re . Maximum d iffe re n c e s  in  r e f r a c t iv e  
in d ice s  up to  about 0 .01  can be measured.
In  o rder to  o b ta in  th e  r e f r a c t iv e  index d iffe re n c e  
between so lvent and so lu tio n  th e  displacem ent o f th e  s l i t  image 
i s  measured on th e  micrometer sca le  when th e  c e l l  i s  ro ta te d  
180°. The l ig h t  beam emerging from the  d i f f e r e n t i a l  c e l l  has been 
dev ia ted  through an angle which i s  p ro p o rtio n a l to  th e  r e f r a c t iv e  
index d iffe ren ce  between the two l iq u id  media. The value obtained 
fo r  t h i s  displacem ent when so lven t f i l l s  both compartments o f the 
c e l l  i s  su b trac ted  from th a t  measured when th e  so lu tio n  occupies 
one of the compartments. The co rrec ted  displacem ent d th u s  obtained
B. A. B rice , M. Halwer and R. S p e ise r, J .  Opt. Soc. Am. 
XXXVI (191*6), 363.
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i s  used to  c a lc u la te  the d i f f e r e n t ia l  r e f r a c t iv e  index by means 
of th e  eq u a tio n :
n -  n ,  = k d (VI-9)
where k i s  the co n stan t of th e  in strum ent.
k was determ ined by using KC1 so lu tio n s  having a 
co n cen tra tio n  w ith in  th e  range 1* to  6*5 grams per 100 m l. o f
w ate r. A le a s t  squares s t r a ig h t  l in e  determ ined from th e  values
20given by K nrts fo r  t h i s  concen tra tio n  range i s  rep resen ted  by 
th e  equ a tio n :
(n-nB)x lok  8 1320.1* c + 226.2 (VI-10)
where c i s  in  g/100 ml. Expression VI-10 was used to  c a lc u la te  
(n -  n_) f o r  v arious KC1 so lu tio n s . Combination w ith th e  measured 
displacem ents gave:
k = (9.671 t  0.019) x 103 (VI-11)
This constan t was used th e r e a f te r  in  th e  determ ination  of th e
d i f f e r e n t i a l  index of r e f r a c t io n  of cesium s i l i c a t e  so lu tio n s  
by equation VI-9.
A ll the  measurements were made w ith  blue l ig h t  (1*36 mu ) ,  
a t  2^*0 * 0*1 degrees cen tig rad e . The c e l l  was therm ostated  by 
c ir c u la t in g  w ater from a constan t tem perature w ater-bath  through 
th e  ja c k e t o f  th e  c e l l  housing.
20
A. K ru is, 2 e i t .  Phys. Chem. XXXIV-B (1936)> 13.
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H. VISCOSITY DETERMINATIONS
An Ostwald type c a p i l la ry  v iscom eter was used fo r  a l l  th a  
v is c o s i ty  measurements. In  o rd er to  have long flow tim es, p a r t  o f 
th a  c a p il la ry  was bent in  a form of a c o i l  so th a t  th a  s ize  o f th a  
instrum ent was s t i l l  convenient.
Tha viscom eter was submerged in  a constan t tem perature 
w ate r-b a th  which was therm osta ted  to  m ain ta in  a tem perature of 
2£»00 ± 0*03 degrees cen tig rad e . However, the  two marks of th e  
v iscom eter were out o f th e  w ater b a th , though very  close  to  th e  
w ater su rfa ce , but the room tem perature  was norm ally no t too  
d if f e r e n t  from th a t  o f  th e  b a th .
The alignm ent o f th e  v iscom eter was reproduced as 
e x a c tly  as p o ssib le  each time in  o rder to  get very  rep roducib le  
r e s u l t s .  The w ater flow tim es averaged U07*l5 seconds throughout 
th e  p e rio d  in  which a l l  th e  o th e r  measurements were made and had 
a s tandard  d ev ia tio n  o f 0.13 seconds. This average was c a lc u la te d  
from about 50 measurements made on 12 w idely s c a tte re d  days.
The s tandard  d ev ia tio n s  observed in  th e  measurements o f aqueous 
s i l i c a t e  so lu tio n s  a re  in d ic a te d  in  Table LXXXIV, fo u rth  column.
A fte r each s e r ie s  o f fo u r o r f iv e  flow tim e determ inations 
fo r  a  g iven  s i l i c a t e  so lu tio n , the viscom eter was thoroughly  
washed w ith  b id i s t i l l e d  w ater and d rie d  a t  105° in  th e  oven. 
Exceptions were made w ith  two s e r ie s  o f s o lu tio n s . These had the  
same m olar r a t io  and same co n cen tra tio n  in  s i l i c a  and cesium oxide, 
bu t had s l ig h t ly  d i f f e r e n t  CsCl co n cen tra tio n s  (so lu tio n s  C-ld- to  
C—I*!*, and C-51 to  C-5U)* In th ese  cases th e  le s s  v iscous so lu tio n s
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were measured f i r s t  and a f te r  t h i s  th e  v iscom eter was r in se d  a t 
le a s t  th re e  tim es w ith th e  so lu tio n  to  be examined next*
la te  apparent i n t r in s i c  v i s c o s i t i e s ,  w ithout making any k in e tic  
energy c o rre c tio n s . From th e se  apparent i n t r i n s i c  v i s c o s i t i e s  and 
E in s te in  equation f o r  c o l lo id a l  spheres an apparent d e n s ity  o f th e  
so lu te  was c a lc u la te d  by use o f th e  fo llow ing expression :
which can be understood in  term s of the  equation  V-7* The meaning 
o f th e  symbols i s  the follow ings c , concen tra tion  in  g /cc . o f 
both  s i l ic o n  and cesium oxide; t 0 i s  th e  flow  tim e fo r  w ater and 
t  th a t  f o r  th e  s i l i c a t e  so lu tio n .
no e x tra p o la tio n  to  zero co n cen tra tio n  i s  made. The reason fo r  
t h i s  was the  evidence o f  a ra p id  change of the s iz e  o f  the 
aggregates a s  soon as th e  d i lu t io n  was made. In  t h i s  manner, th e  
d i lu te  so lu tio n s  could not be used to  complete th e  in form ation  
ob ta ined  from th e  o r ig in a l  ones; th u s  th e  p o s s ib i l i ty  o f g e tt in g  
a re p re se n ta tiv e  in t r in s i c  v is c o s i ty  o r d en s ity  fo r  the o r ig in a l  
s o lu tio n s  was ru le d  o u t. The rap id  changes w ith  d ilu tio n  were 
v e r i f ie d  by tu rb id i ty  measurements. As a r u le ,  tu r b id i ty  values 
decrease in  p roportion  to  th e  d i lu t io n  or le s s  than p ro p o rtio n a lly
u n less  th e re  i s  d is s o c ia tio n . W ithin 10 m inutes o f the  d i lu t io n  
o p era tio n  th e  observed tu r b id i t i e s  were l e s s  than  any th a t  could 
be expected from d ilu tio n  e f f e c t s  a lone. A d is s o c ia tio n  or de-
aggregation  process was tak in g  p la c e ; th e re fo re  an apparent so lu te  
d e n s ity  was c a lc u la te d  independently  fo r  each so lu tio n .
The r a th e r  long flow  tim es were used d i r e c t ly  to  calcu-
(VI-12)
The ward apparent i s  used to  account fo r  th e  f a c t  th a t
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I .  pH MEASUREMENTS
A Bechman model G pH-meter was used fo r  a l l  th e  
measurements. A sleeve type calom el e lec tro d e  was p re fe r re d  over
th e  o rd in a ry  calom el e le c tro d e  supplied  w ith  th e  Instrum ent because
21th e  l a t t e r  can be badly clogged w ith  s i l i c a  p a r t ic le s*  This 
s leeve type e lec tro d e  allowed g re a te r  con tac t w ith th e  solution* 
and th e  sm all contam ination by la rg e  p a r t ic le s  was prevented 
by removing and thoroughly  washing th e  sleeve p r io r  to  each pH 
determ in a tio n . In t h i s  way steady  r e l ia b le  pH values were e a s i ly  
obtained  from successive  so lu tio n s .
The o rd inary  g lass  e le c tro d e  was always used* in  sp ite  
o f having a few so lu tio n s  of sodium s i l i c a t e  w ith  pH values 
s l ig h t ly  h igher th a n  10.00. Obviously, th ese  higher pH values 
must then  be considered  to  be approxim ate. A ll the  cesium 
s i l i c a t e  so lu tio n s  and th e  rem aining sodium s i l i c a t e  so lu tio n s  
had pH values between 6.00 and 10.00.
The fo llow ing procedure f o r  handling th e  e le c tro d e s  was 
used. The g la ss  e le c tro d e  was kept perm anently in  b i d i s t i l l e d  
w ater. A fte r removing i t s  s leeve , th e  calomel e le c tro d e  was 
kep t in  a s a tu ra te d  KC1 so lu tio n . Before use both e le c tro d e s  
were d rie d  w ith  le n s  paper and th en  r in se d  w ith the so lu tio n  
to  be m easured. The sleeve was a lso  r in se d  and then  put in  i t s  
u su a l p la ce . P r io r  to  any s e r ie s  o f measurements, b u ffe r  so lu ­
t io n s  were measured in  the  same manner to  check th e  operation
^ P .  Debye and R. V. Nauman, unpublished Reports to  the 
Sodim  S i l ic a te  M anufacturer1 s I n s t i t u t e  (19U8-52).i
66
o f  the pH-meter and the cond ition  of th e  g lass  e le c tro d e . These 
b u ffe r  so lu tio n s  had pH 's U.00 and 7*00.
Rejuvenation of the  g la ss  e le c tro d e  was accomplished 
tw ice by p lac in g  i t  b r ie f ly  in  ammonium b if lu o r id e  so lu tio n  
according  t o  th e  in s tru c t io n s  fu rn ish ed  w ith  th e  instrum en t.
V II . RESULTS AND NUMERICAL CALCULATIONS
A. CHANCE OF TURBIDITY WITH TIME
The tu rb id i ty  change o f a so lu tio n  gives a measure o f th a  
k in e t ic s  o f tha aggragation  and /or polym erization  process ex p eri­
enced by th e  so lu te  p a r t ic le s *  According to  th e  general considera­
t io n s  given in  th e  second sec tio n  o f t h i s  d is s e r ta tio n *  tu r b id i ty  
i s  a  fu n c tio n  o f th e  m olecular weight which in  t h i s  case i s  vary ing  
w ith  tim e.
The tu r b id i ty  changes o f d if f e re n t  g ro tp s  o f so lu tio n s  
were follow ed during  th e  course o f t h i s  In v estig a tio n *  In o rder 
to  f a c i l i t a t e  th e  d e sc rip tio n  of re su lts*  the groups w i l l  be 
defined  below and re fe ren ce  w i l l  be made th e r e a f te r  to  th e  co rre­
sponding symbol.
Group A: These a re  a c id if ie d  sodium s i l i c a te  so lu tio n s
prepared  by d i lu t io n  from the  stock  so lu tio n . Tables IV and f 
complete th e  in fo rm ation . S o lu tions S-01 to  S-05* S-12 and S-lU 
ra p id ly  formed a g e l and th e re fo re  w i l l  not be considered  in  
th e  discussion*
Group ADs These are sodium s i l i c a t e  so lu tio n s  prepared  
by d i lu t io n  o f those of group A w h en  th e  l a t t e r  had an age of 5>5> 
to  70 days. They a l l  have th re e -f ig u re  code numbers and th e i r  
d e sc rip tio n  i s  shown in  Table VI. The code number system has been 
exp la ined  in  se c tio n  VI-C* p . U6, fo r  th e se  so lu tio n s  and fo r  those 
of groups BD and CD.
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Group Bs These are  a c id if ie d  cesium s i l i c a t e  so lu tio n s  
prepared d i r e c t ly  from the  stock  so lu tio n  and having a concen­
t r a t i o n  o f SiC>2 p lu s  CS2O of about U.3 grams p er l i t e r .  Informa­
t io n  i s  completed in  Table V II. S o lu tion  C-16 formed a g e l a f t e r  
a fev  hours and i t  w i l l  no t be d iscussed .
Group BP? These are cesiun  s i l i c a t e  so lu tio n s  prepared 
by d i lu t io n  of those  o f group B a f t e r  th e  l a t t e r  had experienced 
th e  p a r t ic le  growth process fo r  about 60 days. Their d e sc rip tio n  
i s  completed in  Table IX.
Group Ca These are cesium s i l i c a t e  so lu tio n s  prepared  
d i r e c t ly  from th e  s tock  so lu tio n  and a c id i f ie d .  T heir concen­
t r a t io n  i s  about 2 .3  grams p er l i t e r  expressed as  SiC^ p lu s  C82O. 
Table VH1 con ta ins more num erical d a ta . Group C co n ta in s  solu­
t io n s  o f lower concen tra tio n  th an  those of group B.
Group CDs These are  cesium s i l i c a t e  so lu tio n s  prepared
by d ilu tio n  o f  those  of group C a f t e r  th e  l a t t e r  were about 60
days o ld . Inform ation in  d e ta i l  i s  given in  Table X.
The tu r b id i ty  changes o f sodium s i l i c a t e  so lu tio n s  o f
1 „ 3
group A were measured in  o rder to  confirm p rev ious work and to  
gain some experience so th a t  cesium s i l i c a t e  so lu tio n s  could be 
handled in  a  s im ila r  way to  f a c i l i t a t e  comparison of r e s u l t s .
The d a ta  a re  gathered  in  Tables XVI to  XXV. The tim e i s  measured
lp .  Debye and R. V. Nauman, Hays. Chem. LXV (1961), 5»
^P. Debye and R. V. Nairn an, J .  Phys. Chem. IXV (1961),
10.
3
P. Debye and R. V. Nauman, unpublished R eports to  th e  
Sodiun S i l ic a te  M anufac tu rer 's  I n s t i t u t e  (19U8-52).
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from the  very  moment th e  so lu tio n  was prepared  by m ixture o r 
d i lu t io n .  The l a s t  statem ent i s  v a l id  fo r  so lu tio n s  o f a l l  groups.
In  g en era l, the  r e s u l t s  are ab so lu te ly  s im ila r  to  those 
described  by Debye and Nauman and summarized in  se c tio n  I I I  o f 
t h i s  d is s e r ta t io n .^  For t h i s  reason  th e  read e r i s  r e fe r re d  to  
Tables XVI to  XXV, num erical d a ta  o f which can be considered  to  
be confirm atory and a d d itio n a l evidence supporting  th e  conclu­
s ions o f th e  mentioned pap ers . The only excep tions are  so lu tio n s  
S-21* and S-2$ which have the  same Si02/Na20 r a t io  and concentra­
tio n  ( in  g /c c .)  bu t con ta in  d if f e r e n t  added s a l t s .  S o lu tion  S-2li 
con ta ins 0.1135 mole per l i t e r  o f NaCl in  ad d itio n  to  th e  amount 
formed from th e  HC1, and so lu tio n  S-25 con ta in s 0.1135 mole o f 
CsCl p e r l i t e r  in  ad d itio n  to  th e  NaCl formed when th e  so lu tio n  
was a c id if ie d .  T u rb id ity  measurements fo r  both  of th e se  so lu tio n s  
w i l l  be d iscussed  to g e th e r  w ith  those  o f groups B and C o f cesium 
s i l i c a t e  so lu tio n s , in  sec tio n  VII-B.
B. TURBIDITY CHANGES IN GROUPS B AND C
The tu r b id i ty  changes of th e  so lu tio n s  o f  groups B and C 
were very  pronounced a t  th e  beg inn ing . The slope decreased w ith  
tim e and a f t e r  about 60 days was a lread y  very sm all. F igures 1 
and 2 show th e  tre n d  in  d e ta i l  and i l l u s t r a t e  the  d a ta  c o lle c te d  
in  Tables XXXVII to  XLIV. Data from so lu tio n s  C-16, C-U2 and C-U3 
a re  not i l l u s t r a t e d  in  F igure 1 , and d a ta  frcm so lu tio n s  C-52 and 
C-53 a re  not shown in  Figure 2 in  o rd e r t o  have le s s  c lu t te re d
^See re fe ren ces  7 , 15 and 16 of sec tio n  I I I  o r re fe ren c es  
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fig u res*  tf i th  th e  exception  of th e  f i r s t  so lu tion* C-16, which 
ra p id ly  formed a gel* a l l  th e  excluded curves have th e  same general 
shape as  th a t  o f  those  i l l u s t r a t e d .  The logarithm s of th e  tu r b i ­
d i t i e s  in s te a d  o f the  t u r b id i t i e s  them selves have been p lo t te d  ag a in s t 
tim e in  o rd er to  p resen t th e  curves on a com parative s c a le . The 
shape i s  th e  same as  th a t  o f th e  sodinn s i l i c a t e  so lu tio n s  o f 
group A.
The p rev io u sly  determ ined general relationship*-*  fo r  
s l ig h t ly  a lk a lin e  o r a lk a lin e  so lu tions*  between i n i t i a l  pH or 
SK ^/l^O  r a t io  and th e  v e lo c ity  o f th e  growth process was confirmed 
fo r  cesium s i l i c a t e  so lu tio n s  o f groups B and C. Lower pH 's o r 
h igher r a t io s  favo r a f a s te r  ag g regation . The r a t io  ra th e r  than  
co n cen tra tio n  i s  th e  main f a c to r  g iving r is e  to  the  observed 
f a s t e r  i n i t i a l  r a t e  o f  so lu tio n s  o f group C which a re  more d i lu te  
than  those of group B. F igure 3 shows i n i t i a l  r a te s  fo r  both 
groups. Logarithmic sca le s  have been used f o r  an e a s ie r  comparison. 
The maximum a tta in a b le  r a t io  o f th e  more concen tra ted  group B was 
about 2li* In  o th e r  words* th e  pH in  so lu tio n s  o f group B cannot 
be lower than  8.00 but in  th o se  of group C, which are le s s  concen­
tra te d *  i t  can be close to  7 .00 . An i n i t i a l  pH of 7.32 led  solu­
t io n  C-16 o f group B to  form a g e l ra p id ly .
Due to  th e  high r a t io s  considered in  t h i s  work, Greenberg 
and S in c la i r 's ^  co n sid e ra tio n s  from e q u ilib r iu n  co n stan ts  fo r  th e
Debye and R. V. Hainan* Phys. Chem. 1X7 (1961)*
11.

















.3 U 5 6 7 8 92• 7 -9 1 3
7U
m e ta s il ic a te  cannot be app lied . The ion H^SiO^" probably p lays a 
minor ro le  in  t h i s  growth p ro cess . The pH, which in c rea se s  ra p id ly  
a t  th e  beginning and then  reaches a  s ta b le  s tag e , would fav o r an 
in c rease  in  th e  amount o f t h i s  ion according to  the  follow ing 
ex p ress io n s:
Ki  s  (H3Sioi r ) (n*) •  10~9»8 (V II-1)
CHUs io u ;
(Hj SIOj,") = 10’ 9*8 + PH k CSi02 ( r - l ) / r  (V II-2)
where i s  th e  f i r s t  io n iz a tio n  constan t o f o r th o s i l ic ic  a c id ; 
CgiOg i s  th e  molar concen tra tio n  expressed as  SiOg and ( r - l ) / r  
g ives th e  p roportion  which i s  not in  th e  m e ta s ilic a te  form. In  
a l l  cases  th e  l a s t  f a c to r  i s  not v ery  d i f f e r e n t  frcm u n ity . The 
constan t k accounts f o r  th e  f a c t  th a t  not a l l  the  s i l i c i c  ac id  
may be in  th e  form o f H^SiC^. The fo llow ing  co n s id e ra tio n s  are  
v a l id  fo r  the case o f k c lo se  to  u n ity . I f  the p rocess were f i r s t  
o rder w ith  re sp ec t to  H^SiO^* , a p lo t  o f the  logarithm  o f th e  
tu r b id i ty  versus pH should give a s tr a ig h t  l in e  w ith u n it  slope. 
A ctua lly  th e  slopes are  a t  le a s t  o f the  o rder o f two and increase  
w ith  decreasing  i n i t i a l  pH up to  an o rder o f 10. Expression V II-2 
shows a lso  th a t  th e  r a te  should be f a s t e r  f o r  th e  more concentrated  
so lu tio n s  because th ey  have in  g en era l h igher i n i t i a l  pH 's. 
E v id en tly , th e  s i l i c a  u n its  them selves are th e  main fa c to r  in  th e  
p rocess which i s  b e liev ed  to  be one o f agg regation . The d ilu tio n  
e f f e c ts  (see sec tio n  VII-C and VII-D ) ,  th e  angular s c a t te r in g  d a ta  
(see sec tio n  V II-I)  and v is c o s i ty  d a ta  (see se c tio n  V II-J )  support 
th e  aggregation  conclusion .
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An expression  analogous to  V II-2  can be used i f  species 
H^SiO^" and H^SiO^ (rep resen ted  by k C g ^  ( r - l ) / r )  a re  rep laced  
re sp e c tiv e ly  by b igger unicharged and n e u tra l  sp ec ie s . The value 
of w i l l  be d i f f e r e n t ,  o f course, but th e  order o f magnitude 
w i l l  be th e  same and th e  conclusions are  q u a l i ta t iv e ly  th e  same.
When th e  pH reaches a p r a c t ic a l ly  s tab le  p o in t the  
tu r b id i ty  con tinues to  in c re a se , though le s s  ra p id ly . The 
h y d ro ly tic  p a r t  o f th e  p rocess has p r a c t ic a l ly  f in ish e d  and th e  
a t t r a c t io n  of prim ary u n its  by th e  b ig g er ones must s te a d ily  
d im inish .
Cesium s i l i c a t e  so lu tio n s  C-Ul to  C-UU in  group B have 
th e  same molar r a t io  21.8 ( p r a c t ic a l ly  th e  same i n i t i a l  pH) bu t 
d if f e r e n t  amounts of added CsCl, which in c rea se s  from C-UL to  
C-UU. Curves o f  tu rb id i ty  versus time fo r  so lu tio n s  C-U2 and 
C-U3 l i e  co n secu tiv e ly  ju s t  between those of C-Ul and C—UU in  
Figure 1* I t  i s  c le a r ly  seen th a t  th e  a d d itio n  of s a l t  causes a 
n o ticeab le  change in  th e  i n i t i a l  r a te  o f  agg regation . Solu tion  
C—UU co n ta in s  3 .10 x lCT^ mole p e r l i t e r  o f cesium ch lo rid e  
versus 2.96 x  10”^ mole p er l i t e r  of cesium ch lo rid e  in  so lu tio n  
C-Ul. F igure 3 i l l u s t r a t e s  th e  e f f e c t  of t h i s  a d d itio n a l l.U  x 
10"^ mole which re p re se n t an in c rease  o f le s s  than 5% o f CsCl 
w ith  re sp e c t to  C-Ul. The l im itin g  m olecular weight seems a lso  
to  be g re a te r  when more s a l t  i s  added.
The s itu a t io n  i s  a b so lu te ly  s im ila r  when so lu tio n s  C-5l 
to  C-5U of th e  more d i lu te  group C are considered . These so lu tio n s  
have th e  same m olar r a t io  (53*0) and In creasin g  amounts o f added 
CsCl. Curves fo r  so lu tio n s  C-52 and C-53 l i e  co n secu tiv e ly  ju s t
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between th o se  o f C-51 and C-5U in  F igure 2 . The ab so lu te  d iffe ren ce  
in  CsCl con ten t between so lu tio n s  C-5U and C-51 i s  the  same as 
th a t  between C-Ui and C-Ul» but i t  i s  g re a te r  percentagew ise since 
i t  amounts to  almost 1%. F igure 3 shows again  th e  favorab le  
e f f e c t  o f added CsCl on th e  i n i t i a l  r a te  o f p a r t ic le  growth* Figure 
2 allow s one to  imagine a g re a te r  l im it in g  m olecular weight fo r  
th e  so lu tio n  r ic h e r  in  s a l t .
Since sm all pH d iffe re n c e s  cannot be avoided because of 
experim ental procedures, q u a n tita tiv e  conclusions based on i n i t i a l  
pH are  d i f f i c u l t  to  draw* However, th e  d iffe re n c e s  were a l l  w ith in  
th e  experim ental e r ro r  expected from the  Beckman model G pH-meter 
so th a t  m olar SiC^/CSgO r a t io s  can be considered  to  be th e  same 
fo r  each group (21*8 and 53*0 resp ec tiv e ly )*
Cesium ch lo rid e  i s  much more e f fe c t iv e  th an  NaCl in  
promoting aggregation* Equal r a t io  sodium s i l i c a t e  so lu tio n s  o f 
group A (S-21i and S~2$ re sp e c tiv e ly )  w ith eq u iva len t m olal amounts 
o f th ese  s a l t s  show a g rea t d iffe ren ce  in  th e  r a te  o f p a r t ic le  
growth and in  th e  l im itin g  m olecular w eight. F igure U summarises 
th ese  r e s u l t s ,  which a re  taken from Tables XXIII and XXIV 
re sp e c tiv e ly .
C. TURBIDITY CHANGES IN GROUP AD
Sodium s i l i c a t e  so lu tio n s  ob tained  by d i lu t io n  of those 
o f group A a f te r  th ey  reached th e  slow stage o f tu r b id i ty  in c rease  
a re  c la s s i f ie d  in  t h i s  group AD. In  g en era l, th e  purpose of th ese  
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7-9former a u th o rs ; ' the  r e s u l t s  were confirm ed. The corresponding 
d a ta  are c o lle c te d  in  Tables XXVI to  XXXVI. D ilu tio n  r e s u l t s  in  
tu r b id i ty  s t a b i l i t y  fo r  most cases ju s t  as has been rep o rted  
p rev io u sly . However, a new s itu a t io n  i s  shown by so lu tio n s  S-251 
to  S-253, d a ta  o f which appear in  Tables XXXIV to  XXXVI. These 
d i lu te  sodium s i l i c a t e  so lu tio n s  were ob tained  from so lu tio n s  S-25* 
th e  only one which contained  cesium ch lo r id e . About 100 hours 
a f te r  d ilu tio n  a 12# tu r b id i ty  decrease i s  observed fo r  so lu tio n  
S-251 which has a concen tra tion  ( in  g /c c .)  th a t  i s  h a l f  th a t  o f 
th e  o r ig in a l  S-25« T h e rea fte r th e  tu r b id i ty  i s  p r a c t ic a l ly  con­
s ta n t .  The tu r b id i ty  decrease fo r  th e  so lu tio n  S-252, which has 
25# o f th e  co n cen tra tio n  o f S-25, i s  o f th e  o rder o f 3U# in  200 
hours, which i s  the  tim e e lap sed  u n t i l  p r a c t ic a l  s t a b i l i t y  i s  
reached. S o lu tion  S-253 (10# of concen tra tion  o f S-25) decreased 
c o n tin u a lly  even a f te r  900 hours and experienced a tu rb id i ty  re ­
duction  of more th an  70#. However, the  r a te  o f tu r b id i ty  decrease 
had dim inished app reciab ly  a t  t h i s  tim e. In  g enera l, the more the  
so lvent th a t  i s  added, th e  g re a te r  th e  tu r b id i ty  decreases and th e  
longer i s  th e  tim e req u ired  f o r  tu r b id i ty  s t a b i l i t y  to  be reached.
I t  i s  obvious th a t  a s o r t  of d is so c ia tio n  or deaggregation process 
i s  favored by d i lu t io n .  I t  i s  hard to  imagine a depolym erization 
process caused only by the  a d d itio n  of w ater since th e  Si-O -Si 
bond i s  very s tro n g . The components of th e  b ig  p a r t ic le s  must
?P. Debye and R. V. Nauman, Phys. Chem. IXV (1961), 5»
®P. Debye and R. V. Nauman, Phys. Chan. IXV (1961), 10.
^P. Debye and R. V. Nauman, unpublished Reports to  the
Sodium S i l ic a te  M anufacturer’ s I n s t i t u t e  (19U8-52).
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have been held  to g e th e r  by very  weak fo rces  such as the  van der 
Waals type or p a r t i a l l y  n e u tra liz e d  io n ic  type in  o rder to  be 
weak enough to  be broken by d i lu t io n .
The same e f fe c t  can be s l ig h t ly  n o ticed  in  so lu tio n  
S-2U2, a d i lu t io n  o f S-2h, bu t i t  could  be ap p rec ia ted  only 
because of th e  above mentioned la rg e r  tu rb id i ty  decreases 
observed in  so lu tio n s  con ta in in g  cesium c h lo rid e . In  o th e r words, 
sodium s i l i c a t e  so lu tio n s  co n ta in in g  no strange s a l t s  get 
tu r b id i ty  s t a b i l i t y  by d i lu t io n ;  those  as S-2l*2 which con tain  
a  r e la t iv e ly  b ig  amount o f NaCl can experience a very sm all 
tu rb id i ty  decrease p r io r  to  th e  s t a b i l i t y  s tag e ; when CsCl 
in te rv en es  in  th e  aggregation  process o f  the  o r ig in a l  sodium 
s i l i c a t e  so lu tio n s  (group A), the  consecutive d ilu tio n s  (group 
AD) b ring  about a s ig n if ic a n t  deaggregation as in d ica ted  by 
decrease of th e  tu r b id i ty  before s t a b i l i t y  i s  reached.
D. TURBIDITY CHANGES IN GROUPS BD AND CD
When th e  so lu tio n s  o f groups B and C were d ilu te d , g iv ing
r is e  to  groups BD.and CD re sp e c tiv e ly , a rap id  decrease o f th e
tu r b id i ty  was observed to g e th e r  w ith  a decrease of pH. This 
behav io r, ab so lu te ly  c o n s is te n t w ith  th a t  p rev io u sly  described  
f o r  so lu tio n s  S-251 to  S-253# i s  r e f le c te d  in  num erical d a ta  o f 
Tables XLV to  LIV and I3LII t o  IXXI. F igure 5 shows two d i lu t io n s  
(code numbers ending in  1 and 2) o f one so lu tio n  of each of th e  
o r ig in a l  groups. The forms o f th e  curves are p r a c t ic a l ly  id e n t ic a l  
to  those  o f  th e  o th e r so lu tio n s  n o t shown.
C onsideration  of th e  m oleoular w eights, which a re  given
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th e  p a r t ic le s  become. However, only  In  extreme cases i s  th e  molec­
u la r  weight reduced to  about o f th e  o r ig in a l  one observed 
before d i lu t io n .  No complete re v e rs a l o f th e  former p rocess ( th a t  
o f in c reasin g  tu r b id i ty  in  groups B and C) can have occurred since  
th e  s ta b le  tu r b id i ty  reached a f t e r  about a  month was in  a l l  cases 
much h igher th an  th a t  i n i t i a l l y  observed in  so lu tio n s  of groups 
B and C.
S o lu tions o f  group CD experienced in  genera l la rg e r  
tu r b id i ty  decreases than  those of th e  more concen tra ted  group BD. 
This observation  i s  c o n s is te n t w ith  th e  id ea  of considering  th e  
tu r b id i ty  decrease caused by d ilu tio n  as  an in d ic a tio n  of a  
p rocess  which i s  th e  re v e rs a l  o f th a t  shown by tu r b id i ty  in c reases  
in  the  o r ig in a l  so lu tio n s  (groups B and C). In  o th er words, th e  
h igher th e  r a t io  th e  la rg e r  th e  ex ten t o f  th e  change in  any 
d ire c t io n .
The l a s t  statem ent can be a lso  ap p lied  to  th e  cesium 
ch lo rid e  co n ten t. Those so lu tio n s  w ith  more cesium ch lo rid e  but 
id e n t ic a l  r a t io  experienced a g re a te r  tu r b id i ty  low ering than  
those  w ith  le s s  s a l t .  For in s ta n c e , so lu tio n  C-Ul*2 su ffe red  a 
hZ% tu r b id i ty  decrease compared w ith  36% f o r  so lu tio n  C-U12 in  
about 30 days. Of cou rse , both have th e  same concen tra tio n  of 
S i02 p lu s  CS2O in  grams p er c c . ,  but th e  f i r s t  has about 5% more 
CsCl.
The pH decrease i s  so la rg e  th a t  in  th e  more d i lu te
so lu tio n s  ( th re e - f ig u re  code numbers ending in  2) i t  even reaches
a lower value than  th e  i n i t i a l  pH o f the  so lu tio n  from which th ey  
o r ig in a te d . The in te rm ed ia te  d i lu tio n s  (code numbers ending in
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f ig u re  1) experienced a more moderate decrease  a s  f a r  a s  pH i s  
concerned.
In  genera l, th e  e f fe c t  o f d i lu t io n  g r e a t ly  supports the  
idea  o f an aggregation  process over one of polym erization  fo r  th e  
o r ig in a l  so lu tio n s . Former au thors10 based th e  id e a  of aggrega­
t io n  on th e  f a c t  th a t  th e  process i s  ra p id ly  rev ersed  by th e  ac tio n  
of d i lu te  a lk a l i  hydroxide. The p re se n t conclusion goes fu r th e r  
and adds th e  d ilu tio n  e f f e c t  a s  a p roof.
E. ANGULAR SCATTERING DATA
The angular s c a tte r in g  measurements were taken  fo r  a l l  
th e  cesium s i l i c a t e  so lu tio n s  (see  Tables VII to  X) in  o rder to  
f in d  out the e f f e c t  o f  d i lu t io n  upon th e  m olecular w eights and 
s iz e s .  For t h i s  reason , th e  i n i t i a l  so lu tio n s  (groups B and C) 
were examined the  n e a re s t p o ss ib le  day to  th a t  on which they  
were d i lu te d ,  and th e  d i lu te  so lu tio n s  (groups BD and CD) a t the 
tim e th e  s tab le  tu r b id i ty  stage  was reached. For more p re c ise  
inform ation  about th e  tim ing , Table LXXII has been included .
This ta b le  co n ta in s  th e  code numbers of each so lu tio n , th e  
re sp e c tiv e  da te  o f th e  gathering  of the angular s c a tte r in g  da ta , 
th e  value  of x 10^ (from tu rb id i ty  measurements) and
th e  day on which th e  l a t t e r  was measured.
Tables LXXIII to  LXXVII c o lle c t  th e  va lues o f 
(M^/too) x  1C>3 a lread y  m u ltip lie d  by th e  f a c to r  sin© /(l+cos^& ), 
under th e  code number of th e  re sp e c tiv e  s o lu tio n . The f i r s t  
column in  each ta b le  in d ic a te s  th e  angle o f  o b se rv a tio n .
^°F. Debye and R. V. Naunan, Phys. Chem. LXV (1961), 10.
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When th e  d a ta  o f a given so lu tio n  a re  p lo t te d  versu s  
s in ^ (e /2 )  one can v isu a liz e  a curve ty p ic a l  o f a  po lyd isperse  
System. F igures 6 and 7 show two examples corresponding to  
so lu tio n s  C-261 and C-332 re sp e c tiv e ly . S im ilar r e s u l t s  are 
obtained when the  d a ta  o f th e  rem aining so lu tio n s  a re  p lo t te d  
versus s in ^ (9 /2 ) . In  o rder to  get a crude id ea  of th e  type o f  
d is t r ib u t io n  of m olecular w eigh ts, s t r a ig h t  l in e s  were se le c te d  
so as to  have th e  maximum number o f consecutive p o in ts  in  each 
one w ith  th e  minimum le a s t  squares d ev ia tio n . The p o in ts  
corresponding to  each s tr a ig h t  l in e  appear between every  two 
h o riz o n ta l l in e s  marked in  each colisnn o f Tables LXXIII to  IXVII. 
Normally, th e  le a s t  squares d ev ia tio n  i s  lower than  1$ except 
fo r  some l in e s  drawn a t  very low angle reg io n s . The equations 
o f th ese  s tra ig h t  l in e s  and th e  corresponding d e v ia tio n s  were 
determ ined a t  the  L.S.U. Computer Center w ith  th e  IBM 1620 
Computer. S ection  VII-H gives d e ta i l s  about th e  manner in  which 
th ese  s tr a ig h t  l in e  equations were used to  e s tim ate  m olecular 
w eights and d is p e rs i ty  o f th e  system.
F. SPECIFIC DIFFERENTIAL INDICES OF REFRACTION
For th e  c a lc u la tio n  of m olecular w eigh ts, e i th e r  from 
tu r b id i ty  measurements o r angular s c a tte r in g  measurements, i t  i s  
necessary  to  have av a ila b le  in d ic e s  o f r e f r a c t io n  fo r  a  la rg e  
range o f Si02/Cs20 r a t io s .  In  o rd e r to  avoid a  m u ltitu d e  of 
measurements th e  g en era l study o f  th e  r e f r a c t io n  of sodium 
silicate-*-*- ( see se c tio n  IV) was used as a re fe ren ce  fo r  s im ila r
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trea tm en t o f t h i s  ease .
Since most of th e  cesium s i l i c a t e  so lu tio n s  contained  
cesium c h lo r id e , d i f f e r e n t ia l  in d ic e s  of r e f r a c t io n  o f so lu tio n s  
of t h i s  s a l t  were a lso  determ ined. Table LXXVIII g ives th e  in ­
form ation which can be rep resen ted  by:
(n -  n 8)CaC1 = O.OUOl; M (V II-3)
where M i s  th e  m o la rity  of CsCl. A ctu a lly , th e  cesium ch lo rid e  
used was only p u re , b u t th e  e r ro r  involved in  equation
V n -3  i s  no t much g re a te r  than  the  d ev ia tio n  observed in  th e  
measurements o f d i f f e r e n t i a l  r e f r a c t iv e  in d ic e s .
The values o f (n -  c a lc u la te d  in  t h i s  manner
were su b trac ted  from th o se  o f (n -  n8 ) o f th e  cesium s i l i c a t e s  
in  o rder to  get th e  p a r t  corresponding to  th e  s i l i c a t e  i t s e l f .
The co n cen tra tio n  of CsCl in  th e  cesium s i l i c a t e  so lu tio n s  was 
c a lc u la te d  from th e  known a n a ly s is  o f  th e  s tock  s i l i c a t e ,  th e  
HC1 and th e  d i lu t io n  d a ta .
As shown in  sec tio n  IV, Debye and Nauman proposed 
a g en era l th re e -c o n s ta n t equation  fo r  aqueous sodium s i l i c a t e ,  
as a fu n c tio n  o f the  m olar r a t io  r ,  th e  co n s tan ts  being fu n c tio n s  
o f th e  p o la r iz a b i l i t i e s  o f  s i l ic o n ,  s in g le -  and double-bonded 
oxygen and sodium io n s . Equations IV-5 to  IV-7 give th e  exact 
form.
I f  the same argument used by Debye and Nauman i s  
ap p licab le  to  o th e r a lk a l i  s i l i c a t e s  — and th e re  i s  app aren tly  
no reason fo r  b e lie v in g  th e  c o n tra ry  — equation  IV-U i s  p e r fe c t ly  
g en era l, th e  co n sta n t A having th e  same value in  any case s ince
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no p ro p e rtie s  o f  a lk a l i  m eta ls  or io n s  a re  Im plicated* Thus, the  
value of A i s  0*0698* Constant C i s  e a s i ly  ca lcu lab le  from th e  
known atomic w eights and has th e  value lj.692 fo r  th e  case o f 
cesium s i l i c a t e .  F in a lly , 6 can be expressed as a function  o f 
i t s  value fo r  sodium, i . e . ,  0.U>21, and of th e  d iffe ren ce  
between th e  p o la r iz a b i l i t i e s  o f the  cesium and sodium io n s . 
S u b trac tin g  th e  value o f B f o r  sodium s i l i c a t e  from th a t  o f 
cesium s i l i c a t e  (equation TV-6) the  fo llow ing r e la t io n  can be 
w r i t te n :
B s  0.kk21  + 2(°^Cs+ " ^N a+ ) (VII-lj)
" a  * 2 “o
The d iffe ren c e  between the p o la r iz a b i l i t i e s  o f th e  
a lk a l i  ions can be obtained as a function  of the  d i f f e r e n t ia l  
in d ic e s  o f r e f ra c t io n  of two s a l t s  con ta in ing  th e  re sp ec tiv e  
c a tio n s  and a common anion, i f  a d d i t iv i ty  o f th e  c o n tr ib u tio n s  
o f anion and ca tio n  are  assumed fo r  d i lu te  so lu tio n s . This i s  
th e  same general reasoning  used to  derive equation I7 -h  fo r  
sodium s i l i c a t e  so lu tio n s . D esignating th e  ca tio n  by th e  
symbol M+s
‘“ ’ “•W  * n«(eV  + °<cl-) (TI>5)
°MC1 = ”o< mM * “ Cl* ( m - 6 )
in  which nQ i s  th e  number o f m olecules o f  s a l t  p e r cc* and th e  
ch lo rid e  ion tak es  th e  place of the  an ion . From equations VII-5> 
and V II-6 th e  expression  V II-7 can be ob ta ined .
0<c8+ -  C^a+ s (”08 * 1|ttc i)(n~ns)csC l (“Na * mC l)(n“ns)NaCl
cCsCl °NaCl
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S u b s titu tio n  of VH -7 in to  V II-1* gives a f t e r  use o f app ropria te  
atomic w eights and (n -ns ) v a lu e s :
B = 0.551*9 (VI1-8)
whereas th e  d iffe re n c e  between p o la r iz a b i l i t i e s  o f cesium and sodium
ions i s  5*622 x  KT^l*. in  t h i s  c a lc u la tio n , (n -nB) /c  fo r  cesium
ch lo rid e  was taken  from ta b le  LXXVIII, i . e . , 0.081*, and fo r
12sodium ch lo rid e  was ca lc u la te d  from d a ta  given by K ruis which 
seems to  be a b e t te r  value than  th a t  given by Debye and Nauman.^ 
Equation IV-U ap p lied  to  cesium s i l i c a t e  so lu tio n s  becomes:
n -  nB _ 0.0698 r  + 0.551*9
—  *  r ' Y X w   ( V I 1 - 9 )
The experim ental r e s u l t s  f o r  cesium s i l i c a t e  so lu tio n s  
have been c o lle c te d  in  Table LXXX to g e th e r  w ith  values c a lc u la te d  
from equation  V II-9 which appear in  th e  fo u rth  column. There 
i s  very  good agreement fo r  q u ite  d if f e re n t  v a lu es o f r a t io  r .
The d ev ia tio n  of th e  experim ental va lu es  i s  always between 1 .0  
and l*3j£.
The ev iden t conclusion i s  th a t  th e  assum ption about th e  
a d d i t iv i ty  of th e  r e f r a c t io n s  o f  atoms and ions having common 
surroundings i s  reasonably  good fo r  d i lu te  aqueous so lu tio n s  o f 
sodium and cesium s i l i c a t e s ;  i t  should be an eq u a lly  good 
assumption fo r  o th e r a lk a l i  s i l i c a t e s .  Table LXXIX gives a 
summary of constan t which make p o ssib le  the  ca lc u la tio n  o f
■*^ A. K ru is, Z e it .  Phys. Chem. XXXIV-B (1936), 13*
Debye and R. V. Nauman, Phys. Chem. UCV (1961), 8.
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re f r a c t io n  in form ation  fo r  d i lu te  so lu tio n s  of sodium and cesium 
s i l i c a t e s  and p re d ic ts  r e f r a c t io n s  f o r  d i lu te  so lu tio n s  o f 
potassium  s i l i c a t e s  which have no t been in v estig a ted *  Measure­
ments of and comparison of re f r a c t io n s  o f  d i lu te  rubidium s a l t  
so lu tio n s  w ith  th a t  o f  ano ther comparable a lk a l i  s a l t  would 
e a s i ly  determ ine th e  constan t B fo r  rubidium s i l i c a t e .
Q. CALCULATION OF MOLECULAR WEIGHTS FROM TURBIDITY MEASUREMENTS
When equations I I - l ,  I I - 2  and V I-7 are combined and th e  
ap p ro p ria te  s u b s ti tu tio n  o f the  c o n s ta n ts  (n0 -  1.31*0 and 7\ = 
U.358 x  1Cr 5  cm.) i s  made, th e  fo llow ing  exp ression  r e s u l t s  f o r  
th e  c a lc u la tio n  o f m olecular w eigh ts:
M a 0.663 (M90/Mq) x  lp3 (VH-10)
c { ( n - n ^ / c ] 2
The l im ita tio n s  o f equation  711-10 a re :
a) those  o f equation  I I - l  which does not consider in t e r ­
a c tio n  e f f e c ts  due to  co n cen tra tio n ,  and
b) th e  f a c t  th a t  no dissymmetry c o rre c tio n  i s  used.
The v a lu es of (M^qAIq) x lCp l i s t e d  in  th e  th i r d  column
o f Table LXXII, th e  v a lu es  o f th e  corresponding co n cen tra tio n s 
given in  Tables V III to  X (Si02 and C&20 in  g /c c . ) ,  and the  
s p e c if ic  d i f f e r e n t i a l  in d ic e s  of r e f r a c t io n  taken  from Table LXXX 
must be in s e r te d  in  equation  V II-10. The r e s u l ts  o f  th e  calcu­
la t io n s  a re  l i s t e d  in  Table LXXXIII to g e th e r  w ith  th e  m olecular 
w eights and so lu te  d e n s it ie s  ob tained  from angular s c a tte r in g  
d a ta .
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H. MOLECULAR WEIGHTS AND THEIR DISTRIBUTION FRCM ANGULAR SCATTERING
The s tr a ig h t  l in e s  chosen from th e  angular s c a t te r in g  
p a tte rn s  have th e  g en era l form:
y -  m x + b (V II-11)
where: y  = gine x  lp3 (V II-12)
1  + cos^O
and x  s  s in 2 (0 /2 ) (V II-13)
Table LXXXI gives the  va lues o f th e  slope m and th e  in te rc e p t b 
as c a lc u la te d  by th e  IBM 1620 Computer; i t  a lso  gives th e  
d iffe re n c e s  (b^ -  b^) which are  p ro p o rtio n a l to  z^M  ^ according 
to  th e  d iscu ssio n  in  sec tio n  I I , and th e  norm alized s lo p es  
1$i  m ® i/ (b ^ b ^ ) .  L e tte rs  i  and h in d ic a te  two consecutive 
o rd in a l numbers*
Equation V II-10 , s l ig h t ly  m odified , can be used to  c a l­
c u la te  th e  product z^M^. The p ro p o r tio n a li ty  constan t th a t  r e la te s  
m olecular weight w ith (M^q/Mq) x lCp i s  th e  same as t h a t  which 
r e l a t e s  zjM^ w ith  (b^ -  b h )• Consequently, the  use o f <»i -  bh) 
in s te a d  o f (M^q/Mq)  x leP in  equation V II-10 i s  an ap p ro p ria te  
s u b s t i tu t io n :
0.663(b^ „ bjj)
zi Mi  = c { (n -n B)/c }  2 (V l l - lh )
Due to  th e  somewhat a r b i t r a r y  se le c tio n  o f th e  s tr a ig h t  
l in e s  each z^M  ^ must co n ta in  c e r ta in  range of m olecular w eights.
The r a d i i  o f  th e  assumed spheres can be estim ated  w ith  
th e  a id  o f equation  11-11, which can be reduced to :
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H  a
a f te r  ap p ro p ria te  s u b s ti tu tio n  of th e  co n s tan ts  involved . Equa-
in  Table LKIYI can be in se r te d  in  equation  V II-15.
In  o rder t o  get an id ea  of th e  n a tu re  o f th e  d is t r ib u ­
t io n  o f m olecular weights* z^ values can be ca lc u la te d  in  a f i r s t  
approximation i f  th e  d if f e re n t  spec ies  in  one p a r t ic u la r  so lu tio n  
are assumed to  have th e  same d e n s ity . Under th ese  circum stances* 
th e  r e la t io n s
must be p ro p o rtio n a l to  each in  a given so lu tio n  since the
constan t d e n s ity . I t  i s  im portant to  p o in t out here th a t  t h i s  
assumption does not imply th e  same d en sity  fo r  the p a r t ic le s  o f 
d if f e r e n t  so lu tio n s .
Once th e  r e la t io n  V II-16 i s  ca lcu la ted*  z^ can be 
determ ined from th e  fo llow ing  equation :
cen tages) fo r  th e  d i f f e r e n t  so lu tio n s . Index 1 means th e  lower 
m olecular weight spec ies  and in c rea s in g  in d ic e s  correspond to  
g rad u ally  h igher ones. I t  i s  re a d ily  seen th a t  p r a c t ic a l ly  a l l
t io n  V II-lS  gives the  r a d i i  in  Sngstrams. Values o f l i s t e d
(V n -1 6 )
f ra c t io n d i r e c t ly  p ro p o rtio n a l to  th e  assumed
(V II-17)
since th e  sum of th e  z ^ 's  i s  equal to  u n ity .
  2
Table LXXXII g ives values o f z^ tim es 10 (weight p e r-
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th e  so lu tio n s  co n ta in  alm ost monodisperae systems of th e  lowest 
m olecular weight sp ec ie s . Cesium s i l i c a t e  so lu tio n s  o f th e  groups 
B and BD have more th an  99*6% o f th e  sm allest agg regates, except 
in  th e  case o f so lu tio n s  C-26, C-261 and C-262 which con ta in  a t  
a l l  even ts no le s s  than 96.7$ of th e  low est m olecular weight 
sp ec ie s . S o lu tions of group C do no t show such a c lo se  mono- 
d is p e r s i ty  as those  o f groups B and BD, even though they  never 
have le s s  than 88.7$ of one sp ec ie s . S o lu tions o f group CD show 
in  most cases a n a lle r  weight percen tages in  th e  low est m olecular 
w eight aggregates when compared to  the corresponding so lu tio n s  
o f group C. However, t h i s  can be th e  e f fe c t  o f an incom plete 
deaggregation p ro cess .
The same conclusion about m onodispersity  was rep o rted  
by Debye and Nauman-^ in  t h e i r  sodium s i l i c a t e  s tu d ie s .
D ividing equation  V II-ll* by equation VII-17 one o b ta in s 
a f i r s t  approximation m olecular w eight. Table LXXXI1I, th i r d  
column, l i s t s  th e  m olecular w eights o f th e  lower spec ies  from 
angular s c a tte r in g  d a ta . They can be compared w ith th e  m olecular 
w eights ob tained  from tu r b id i ty  measurements (equation  V II-10) 
which appear in  th e  second column o f th e  same ta b le .  The l a t t e r  
should be norm ally la rg e r  than  those obtained  from angular 
s c a t te r in g  d a ta , since  a w ider s l i t  was used in  tu r b id i ty  
measurements. Under th e se  circum stances, tu rb id i ty  m olecular 
w eights should give more weight to  th e  c o n tr ib u tio n  of b igger 
sp ec ies  to  th e  averages. The comparison o f second and th i r d
Debye and R. V. Naunan, J .  Fhys. Chem. LXV (1961),
10.
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columns o f Table LXXHII confirm s in  genera l t h i s  p re d ic tio n ; 
th e re  are  very few excep tions.
The agreement i s  no t s u rp r is in g , e s p e c ia lly  i f  th e  
usual experim ental e r ro r  o f 1% fo r  th ese  ty p es  o f measurements 
i s  r e c a l le d .  In  a  way th i s  agreement confirm s th e  p r a c t ic a l ly  
monodisperBe d is t r ib u t io n  and in d ic a te s  th a t  th e  f i r s t  approxi­
mation i s  a reasonable one.
I .  SOLUTE DENSITIES FRCH ANGULAR SCATTERING
Assuming th e  sp h e ric a l shape f o r  th e  d ispersed  p ar­
t i c l e s ,  a d e n s ity  value can be c a lcu la te d  fo r  th e  so lu te  from 
th e  angular s c a t te r in g  m olecular weights o f Table LXXXIII, making 
use o f equation  VII-15* The expression  is?
J9 = 2.0U5 M x 10-9 /  ^ 3 / 2  (V II-18)
where i s  th e  so lu te  d en s ity  expressed in  g/cm^. Tiyi index i
has been dropped because of th e  assumption o f equal d e n s it ie s  fo r
species contained  in  a given so lu tio n . The fo u rth  column of
Table LXXXIII g ives th e  c a lc u la te d  v a lu es . I t  i s  immediately
re a liz e d  th a t  in  a l l  cases th e  d en s ity  i s  much lower than the
1^-17values rep o rted  fo r  sodium s i l i c a t e  so lu tio n s . ' Furtherm ore, 
re g a rd le s s  o f th e  s ize  o f th e  p a r t i c le ,  t h i s  d en s ity  appears to  
be p r a c t ic a l ly  constan t fo r  any cesium s i l i c a t e  so lu tio n .
V. Naum an and P. Debye, Phys. and C o llo id  Chem.
IV (1951), 1 .
l6 p . Debye and R. V. Nauman, J .  Phys. Chem. LXV (1961), 10. 
Ukihashi, Aaahl Garasu Kenkyn Hokokn IX (1959), 137.
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This extrem ely low and c arm on d e n s ity  supports the  
f i r s t  approxim ation assumption fo r  th e  c a lc u la tio n  o f a d is ­
t r ib u t io n  in  each so lu tio n . I t  a lso  gives a  strong b * s is  f o r  
th e  b e l ie f  th a t  th e  growth process occurring  in  cesium' s i l i c a t e  
so lu tio n s  i s  one o f aggregation  r a th e r  th an  o f po lym eriza tion . 
This b e l i e f  acq u ires  almost the  ch a ra c te r  of evidence when the  
rap id  deaggregation p rocess mentioned in  sec tio n  VII-D, caused 
b£ d i lu tio n  only , i s  taken  in to  c o n s id e ra tio n . This deaggrega­
t io n  p rocess  i s  r e f le c te d  in  th e  reduced m olecular w eights, 
and consequently  reduced s iz e s ,  o f  th e  p a r t ic le s  e x is t in g  in  
th e  d i lu te d  so lu tio n s  (those o f groups BD and CD).
Due in  p a r t  to  th e  very low order of magnitude of th e  
r e s u l t s  the  experim ental in form ation  i s  not accu ra te  enough to  
determ ine any tre n d  in  th e  d e n s it ie s  of th e  d if fe re n t  p a r t ic le s .  
For a l l  p r a c t ic a l  purposes t h i s  tre n d , i f  determ ined, would not 
give much more l ig h t  about the  s tru c tu re  o f th e  aggregate .
J .  SOLUTE DENSITIES FRCM VISCOSITY DATA
Table LXXXV gives th e  values o f th e  apparent d en s ity , 
c a lc u la te d  fo r  th e  so lu te  from th e  measured flow tim es, in  each 
so lu tio n . Equation VI-12 has been used fo r  the c a lc u la tio n  
using  d a ta  shown in  Table LXXXIV.
Apparent va lues were c a lc u la te d  because of th e  f a s t  
deaggregation p rocess  occurring  a f t e r  d i lu t io n ;  t h i s  change in  
p a r t i c le  s ize  upon d i lu t io n  made th e  u sual e x tra p o la tio n  to  
i n f i n i t e  d i lu t io n  im possible as a ro u tin e  procedure. T his i s  
shown in  th e  p lo ts  o f the  apparent d e n s it ie s  versus th e  concen­
t r a t i o n  in  g /c c . given in  F igure 8. Even though th e re  was hope
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o f g e t t in g  an approximate d en s ity  value by e x tra p o la tio n , the 
f ig u re  shows a t  f i r s t  s ig h t no in d ic a tio n  o f a s i tu a t io n  lik e  
th a t  deduced from angular s c a t te r in g  o b serv a tio n s .
However, th e  problem can be looked a t  from a d if fe re n t  
s tan d p o in t. L ight s c a tte r in g  I n te n s i t ie s  are  e s s e n t ia l ly  a  measure 
o f th e  d iffe re n c e  o f r e f r a c t iv e  p ro p e r tie s  o f th e  so lu te  and th e  
so lv en t. T herefore , m olecular weights obtained  by t h i s  method are  
tak in g  in to  account only th e  S i ^  and CS2O co n ten ts  o f th e  p a r t ic le s  
and no t th e  hyd ra tion  w ater, which i s  not very d if f e r e n t  frcm th e  
so lven t w ater as f a r  as r e f r a c t iv e  index i s  concerned. This can 
be affirm ed in  th e  case of s i l i c a  aggregates by th e  f a c t  th a t  t h e i r  
d e n s it ie s  determ ined by means of angular s c a t te r in g  a re  very low. 
Under th ese  circum stances, most o f th e  w ater o f h y dra tion  can be 
assumed to  behave p r a c t ic a l ly  as bulk w ater. The conclusion i s  
th a t  a so rt  o f “m olar” concen tra tio n  can be defined  fo r  these 
cesium s i l i c a t e  so lu tio n s  by d iv id in g  the  concen tra tion  ( in  g /c c .)  
by th e  m olecular weight found by l ig h t  s c a t te r in g .
*> = c/M (VII-19)
When th e  apparent d e n s it ie s  obtained from v is c o s ity  
d a ta  are p lo t te d  versus t h i s  m olar co n cen tra tio n , o , the  ex tra ­
p o la tio n  to  i n f in i t e  d i lu t io n  shows a c le a r  s itu a t io n  fo r  the  
so lu tio n s  of h igher concen tra tion  ( group B) and th e i r  corresponding 
d i lu t io n s .  A ll th e  p o in ts  l i e  in  curves converging to  a common 
l im it  whose o rder o f  magnitude i s  th e  same as th a t  found from 
angu lar s c a t te r in g  only. F igure 9 shows t h i s  tre n d .
S o lu tions o f groups C and CD show, in  F igure 10, c le a r ly  
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concen tra tio n  a x is .  The v a lu es are  more sc a tte re d  and th e  form 
o f th e  curves, th e re fo re , i s  n o t so d e f in i te .  However, i t  i s  
reasonable to  expect le s s  p re c ise  measurements from more d ilu te  
so lu tio n s  lik e  th e se . Anyway, th e  order o f magnitude o f th e  
l im itin g  d en s ity  i s  th e  same. In  t h i s  manner, the  common low 
d e n s ity  of the  s i l i c a  aggregates re g a rd le ss  of t h e i r  s iz e  and 
concen tra tion  i s  confirmed by a d if f e r e n t  means.
The inform ation  shown in  F igure 8 can be v isu a liz e d  
b e t te r  now. The gradual in c rease  o f the apparent d e n s ity  upon 
going toward the  o rd in a te  can be in te rp re te d  as a p a th  through 
a maximum va lu e , which f in a l ly  converges to  th e  lim it  o f  about 
0.020 to  0.03$ g /c c . This tre n d  i s  a c tu a l ly  shown by a couple o f 
th e se  so lu tio n s  w ith  sm aller p a r t ic le s .
In  g enera l, i t  i s  observed th a t  so lu tio n s  of b igger 
p a r t ic le s  show le s s  in te ra c t io n  e f f e c t s ,  i . e . , have values o f 
apparent d e n s ity  from v is c o s i ty  d a ta  c lo se r  to  th e  re a l  one.
This i s  due to  th e  sm aller number, u , o f p a r t ic le s  which more 
than  compensates fo r  th e  b igger s iz e . Their in te ra c t io n  w ith  
th e  so lven t a lso  must be le s s  e f f e c t iv e ,  s ince t h e i r  growth process 
must be n ea re r to  th e  equ ilib rium  s ta g s . The co n tra ry  arguments 
can be ap p lied  to  th e  so lu tio n s  of sm aller p a r t ic le s .  The d ilu te  
so lu tio n s  show a h igher apparent d e n s ity  th an  th e  one from which 
th ey  were o r ig in a te d . The in te ra c t io n  w ith th e  so lven t must be 
again  th e  im portant f a c to r  since  more w ater i s  a v a ila b le . The 
f a c t  th a t  th e re  i s  deaggregation because of d i lu t io n  can be 
mentioned as a p ro o f. The e f fe c t  o f  in te ra c t io n  w ith th e  so lven t
i s  easy to  understand when one co n sid e rs  th a t  th e  aggregates have 
about 100 m olecules o f w ater fo r  each one o f S i02»
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K. COMPLEMENTARY DISCUSSION
A f in a l  comment can begin w ith  th e  fo llow ing almost
lO
l i t e r a l  quo ta tion  frcm I l e r ' s  book. The d e n s ity  o f  w ater i s  much 
le s s  than  would be expected frcm a c lose-packed  l iq u id  w ith  known 
dimensions o f th e  m olecule; from t h i s  and from X-ray d if f r a c t io n  
curves o f l iq u id  w ater, B ernal and F o w le r^  concluded th a t  the 
w ater m olecules are arranged in  a  s tru c tu re  s im ila r  t o  th a t  of 
q u a rtz . Washburn^® has mentioned a s im i la r i ty  between w ate r and 
v itre o u s  s i l i c a :  both  have a tem perature o f  minimum volume and 
both  seem to  t?e a sso c ia ted  l iq u id s .  B esides, from th e  standpoint 
of volume, s i l i c a  and w ater co n s is t mainly of oxygen atoms, th e  
m a l l  hydrogen and s i l ic o n  atoms f i t t i n g  between the former w ith­
out c o n tr ib u tin g  much t o  th e  volume. In  pure o r th o s i l ic ic  a c id , 
i f  i t  could be p rep ared , th e  sm all s i l ic o n  and hydrogen atoms 
would be more or le s s  evenly  d is t r ib u te d  throughout th e  mass.
These are the words used by  H e r  to  account fo r  th»  
s o lu b i l i ty  o f s i l i c a  in  w ater and which in  th e  opinion o f  th e  
p re sen t au thor adm irably w ell ex p la in  th e  f e a s i b i l i t y  o f th e  
aggregation  p ro cess . The very  low d e n s ity  of th e  p a r t ic le s  seems 
to  in d ic a te  a mass of w ater a sso c ia ted  in  th e  q u artz -ty p e  s tru c tu re  
w ith  a n a tu ra l  and even d is t r ib u t io n  of p a r t i a l ly  polym erized 
prim ary s i l i c a  p a r t ic le s  th a t  con ta in  numerous hydroxyl groups.
K. H e r ,  The C ollo id  Chemistry of S i l ic a  a id  
S i l ic a te s  ( I th a c a : C ornell D h ivarsity  P re ss , 1$>5$), p. ?.
j .  D. B ernal and R. Fowler, Trans. Faraday Soc.
XHX (1933), 101*9.
^ E .  VI. Washburn (d isc u ss io n ) , J .  An. Ceram. Soc. 
v n  (1921*), 801*.
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In  t h i s  way* one has p r a c t ic a l ly  a so rt  o f homogeneous p a r t ic le  
which obviously  must s tro n g ly  in te ra c t  w ith  th e  surrounding 
so lven t w ater. Cesium and hydrogen ions occupy p o s itio n s  in  th e  
in s id e  o f the  aggregate in  o rder to  compensate fo r  th e  negative 
charges o f some o f th e  prim ary s tru c tu re s .  In  t h i s  manner, weakly 
p o la r  fo rc e s  c o n tr ib u te  to  hold  to g e th e r  th e  prim ary s tru c tu re s ,  
re in fo rc in g  th e  e f f e c t  o f van der Waals fo rc e s . These p o s itiv e  
ions can have only  a r e s t r i c t e d  freedom o f movement in  th e  in s id e . 
This abso rp tion  o f p o s itiv e  io n s  fav o rs  a pH increase  during  the 
aggregation  p ro cess .
The p a r t ic le  growth process i s  due mainly to  th e  i n t e r ­
a c tio n  of n e u tra l  s i l i c a  p a r t ic le s ,  produced by the a c tio n  of added 
hydroch lo ric  a c id , and charged s i l i c a  sp ec ie s . A genera l rep resen ­
ta t io n  can be th a t  given by equations 1-7 and 1 -8 , though th e re  are 
no t so many charges in  each prim ary s tru c tu re .  Equation 1-7 
accounts la rg e ly  fo r  th e  i n i t i a l  pH in c re a se , a c o n tr ib u tio n  to  
which can al«o be due to  minor po lym erisation  p rocesses of th e  type 
described  by a  genera lized  equation  1-5*
The r a te  o f th e  re a c tio n  i s ,  in  g en era l, favored by h igher 
r a t io s ,  i . e . ,  by a g re a te r  amount o f s i l i c i c  ac id  as such o r by a 
somewhat polym erized foim . The more d i lu te  the  so lu tio n , th e  lower 
th e  i n i t i a l  pH o r th e  h igher th e  molar r a t io  must be in  o rder to  
lead  to  a  s ta b le  c o l lo id a l  so lu tio n . In  a d d itio n , th e  r a te  o f th e  
re a c tio n  i s  f a s t e r  th an  in  more concen tra ted  so lu tio n s . In  o th e r 
words, the  so lu tio n  of group B th a t  has maximum r a t io  (so lu tio n  
C-26, r a t io  2lt.O) has a  sm aller i n i t i a l  r a te  than  any of the  
so lu tio n s  o f  th e  group C since th e  l a t t e r  have h igher r a t io s  in  a l l
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ca se s ; a d ire c t  comparison o f equal r a t io  so lu tio n s  w ith  concen­
t r a t io n s  o f groups B and C must l ik e ly  in d ic a te  a h igher r a te  fo r  
group B, i . e . j th e  more concen tra ted  one. A ll o f t h i s  in d ic a te s  
not only  th e  importance of a  high r a t i o ,  bu t a lso  th a t  s i l i c a t e  
io n s  have a minor ro le  -in th e  aggregation  p ro cess . Equation 7 II-2  
shows th a t  lower i n i t i a l  pH 's p re d ic t  a  sm aller amount o f mono­
charged sp ec ies .
Hydration of th e  prim ary s tru c tu re s  i s  an im portant 
f a c to r .  The p a r t ic le  d e n s ity  found in  t h i s  work i s  much lower 
than  any form erly re p o rte d . More concen tra ted  so lu tio n s  form 
g e ls  a t  pH 's in  which th e  d i lu te  ones s t i l l  remain s ta b le .  Less 
w ater favo rs  a po lym erization  p ro cess , i . e . ,  th e  form ation of 
SL-O-Si bonds, in s te a d  o f th e  aggregation o f  h eav ily  hydrated  
species which can be held  to g e th e r  by van der Waals fo rces  and 
very  weakly p o la r  fo rc e s . The condensation polym erization  th a t  
l ik e ly  occurs in  g e l form ation can be understood as a n a tu ra l  
re a c tio n  of a system th a t  r e a l ly  needs a g rea t amount o f w ater.
When d ilu tio n  tak es  p lace , the pH and th e  p a r t ic le  s ize
decrease , bu t a s ta b i l iz a t io n  p o in t i s  reached in  most c a se s .
21H a z e l's fcX exp lanation  fo r  th is  s ta b i l iz a t io n  i s  based on a slow 
h y d ro ly s is  o f SiO" groups on th e  su rface  of th e  p a r t ic le s .  Hazel 
adds th a t  a reduction  o f charge r e ta rd s  d is s o c ia tio n  o f the  
agg regates. Both arguments are  in  c o n tra d ic tio n  w ith  the  
experim ental f a c ts  observed in  t h i s  in v e s t ig a t io n . I t  i s  more 
probable th a t  th e  incoming w ater m olecules compete w ith  th e
21J .  F. H azel, J .  C o llo id  Chem. XVU (1962), 162
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prim ary s i l i c a  s tru c tu re 8 f o r  t h e i r  p o s it io n  in  th e  extrem ely 
f le x ib le  l a t t i c e  a lread y  d escrib ed . Oeaggregation i s  then  a 
n a tu ra l  consequence. For th e  same reason , once th e  equ ilib rium  
i s  reached, the  aggregation  cannot proceed and th e  p a r t ic le s  
a t t a in  s ta b i l i t y .  The new n a i l e r  p a r t ic le s  need le s s  p o s it iv e  
ions to  hold t h e i r  prim ary s tru c tu re s  to g e th e r  and, th e re fo re , 
many cesiun and hydrogen io n s  are d e liv e re d . The pH must 
d ecrease . The l a s t  argument i s  c o n s is te n t w ith  th e  more pro­
nounced deaggregation occurring  in  those so lu tio n s  w ith h igher 
CsCl co n ten t. Higher r a t io  s i l i c a t e s  show a lso  a  more 
accen tuated  deaggregation . E v iden tly , th e  b ig  p a r t ic le s  have 
more n e u tra l  u n its  than  do those in  lower r a t io  so lu tio n s . I f  
d i lu t io n  causes seme of the  p o s it iv e  ions to  move o u t, th e  
p a r t ic le s  cannot m ain tain  t h e i r  in te g r i ty  and th e y  begin to  fo ra  
sm aller e n t i t i e s  w ith  a more adequate p ro p o rtio n  of p o s it iv e  
and negative  charges.
V II I .  CONCLUSIONS
A summary o f th e  conclusions drawn from co n sid e ra tio n s  
o f se c tio n  VII i s  given below.
a) The s p e c if ic  d i f f e r e n t i a l  r e f r a c t iv e  in d ic e s  o f cesium 
s i l i c a t e  so lu tio n s  fo llow  a d e f in i te  fu n c tio n  o f th e  S i02/C s20 
r a t io  s im ila r  to  th a t  obeyed by d i lu te  sodium s i l i c a t e  so lu tio n s .
b ) Aqueous cesium s i l i c a t e  so lu tio n s  experience a  slow 
aggregation  p rocess  th e  r a te  of which i s  g re a te r  th e  h igher th e  
&LO2/C 82O r a t io .  This aggregation  shows th e  same g en era l fe a tu re s  
observed in  sodium s i l i c a t e  so lu tio n s , though i t  lead s  to  h igher 
m olecular w eigh ts. The e f f e c t  of added s a l t  i s  s ig n if ic a n t and 
fav o rs  an in creased  r a te  o f p a r t ic le  growth.
c) Cesium ion i s  a  more e f fe c t iv e  a c c e le ra to r  o f th e  
growing process than  sodium io n . This conclusion  i s  drawn from 
d ire c t  comparison of equim olar co n cen tra tio n s  o f bo th  s a l t s  upon 
th e  same so lu tio n  and a lso  from th e  f a c t  th a t  cesium s i l i c a t e  
so lu tio n s  must have sm aller co n cen tra tio n s  and h igher i n i t i a l  
pH 's than  sodium s i l i c a t e  so lu tio n s  in  o rder to  be s ta b le .  In  
o th e r words* le s s  ad d itio n  o f HC1 i s  possib le*  lead ing  to  a 
dim inished presence of s a l t .
d) The p a r t ic le s  formed have a p r a c t ic a l ly  common very  
low d e n s ity  which supports the  id ea  of an aggregation  p rocess 
ra th e r  th an  one of po lym eriza tion .
10U
105
e) There I s  tendency to  the  form ation o f p r a c t ic a l ly  
nonodisperse systems*
f )  There i s  a  s tro n g  in te ra c t io n  w ith  th e  solvent* 
e s p e c ia lly  ev iden t from d ilu t io n  e f f e c ts  and from th e  low d e n s ity  
which in d ic a te s  a high degree of h y d ra tio n .
g) D ilu tio n  re v e rse s  th e  aggregation  process* i . e . * leads 
to  sm aller p a r t ic le s  which f in a l ly  a t t a in  a s ta b le  m olecular 
w eight.
h) The aggregate p a r t ic le  can be v isu a liz e d  as a  mass o f 
w ater a sso c ia te d  in  th e  quart z-type s tru c tu re  w ith  a  n a tu ra l  and 
even d is t r ib u t io n  o f p a r t i a l l y  polym erized prim ary s i l i c a  p a r t ic le s  
th a t  con ta in  numerous hydroxyl groups.
APPENDIX A
LIGHT SCATTERING BY SMALL ISOTROPIC PARTICLES
When a m olecule i s  exposed to  lig h t*  e le c tro n s  undergo 
o s c i l la t io n s  th a t  have th e  same frequency as th e  in c id en t lig h t*  
u n le ss  t h i s  frequency co in c id es  w ith  one of th e  absorp tion  bands 
o f th a t  m olecule. By assuming th e  p o s itiv e  charge in  th e  environ­
ment to  be s ta tio n ary *  th e  movement o f an e le c tro n  can be sa id  
to  be re sp o n sib le  f o r  an o s c i l l a t in g  induced d ipo le  moment 
amounting to )
m 3 e z (A -l)
where e i s  th e  charge of th e  e le c tro n  and z i t s  displacem ent.
(hi the  o th e r hand* th e  e l e c t r i c a l  moment induced in  th e  molecule 
i s  p ro p o rtio n a l to  th e  f i e ld  s tren g th  E:
m = c* E (A-2)
where (X i s  th e  p o la r iz a b i l i ty  and 8  i s  given by;
E s  EQ c o s to ( t  -  x /v )  (A-3)
The fo rce  a c tin g  on a u n it charge i s  E, th u s  th e  fo rce  a c tin g  
on th e  e le c tro n  i s  E e . The work done in  inducing th e  d ipole 
i s  th e  product of t h i s  fo rce  and the  displacem ent z , through 
which th e  charge i s  drawn. The energy th u s  gained by th e  e le c tro n
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i s  now em itted  as l ig h t  of th e  same frequency* c o n s ti tu t in g  what 
i s  c a lle d  sc a tte re d  l i g h t .
By eq u atin g  A-2 and A-l* making use o f  A-3* i t  i s
r e a d i ly  re a liz e d  th a t  the  displacem ent z i s  a  harmonic one.
z = ** So COSfc)t (A—if)
e
The term  x /v  does not appear since  th e  o r ig in  (x ■ 0) has been 
chosen fo r  convenience as th e  lo c a tio n  of th e  system.
The a l te rn a t in g  movanent o f th e  e le c tro n  along th e
x -ax is  (what i s  a c tu a l ly  the  only p o ssib le  d ire c tio n  when th e  
in c id e n t l ig h t  beam i s  tra n sv e rse  and plane p o la riz ed ) can be 
considered  as  an a l te rn a t in g  c u rre n t i ^ .  A genera l expression  
fo r  th e  cu rren t i s :
i 2 = dq /d t = (d q /d z )(d z /d t)  (A-5)
and in  t h i s  p a r t ic u la r  c a se :
i a .  ( e /a ) (d z /d t)  (A-6 )
where a rep re sen ts  tw ice th e  amplitude* i . e . * the maximum 
d is tan ce  t ra v e l le d  by th e  e le c tro n  along th e  d ire c tio n  o f th e  
z -a x is .  Using th e  d e riv a tiv e  of expression  A-U w ith re sp e c t 
to  tim e in  A-6* th e  cu rren t becomes:
s in 6) t  (A-7)
a
To determ ine th e  r a d ia tio n  f i e ld  a t  a  p o in t P* f a r  from 
th e  e lectron*  th e  f i r s t  th in g  to  be c a lc u la te d  i s  th e  vecto r
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p o te n t ia l  A a t  th a t  poin t*  The v ec to r f i e ld  A i s  defined  in  such 
a manner th a t  i t s  c u r l  i s  given by:
I = V x  A (A -8 )
where B i s  th e  magnetic in d u c tio n  v e c to r . A complete d e f in it io n  
o f  a v ec to r  invo lves i t s  c u r l  as w e ll as  i t s  d ivergence; th e  
l a t t e r  w i l l  be defined  below. Equation A-8 i s  v a l id  since one of 
th e  M axw ell's equations says th a t :
7  . B = 0 (A-9)
and by simple v e c to r ia l  o p e ra tio n s  i t  can be shown t h a t :
V .  ( V x A ) = 0 (A-10)
A second M axwell's equation  i s :
V x E  s  - S B / a t  (A-11)
where E i s  th e  e l e c t r i c  f i e ld  vector* th e  magnitude o f which 
has been given by equation  A-3* S u b s titu tio n  o f A-6 in to  A-11 
and rearrangem ent lead s  to :
V x ( I + a l / a t  ) » 0 (A-12)
From v ec to r ca lcu lu s  i t  i s  w ell known th a t  th e  c u r l  o f  a  g rad ien t
i s  equal to  zero . T herefo re , th e  expression  w ith in  th e  p a ren th e s is  
in  equation A -12 i s  a g rad ien t o f a s c a la r  q u a n tity  which w i l l  be 
designed by V and c a l le d  s c a la r  p o te n t ia l  f i e l d . In  t h i s  manner, 
a  so lu tio n  fo r  equation A -12 has been obtained* w ritte n  a f t e r  
rearrangem ent as :
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I  * -  V V -  a i / a t  (A-13)
A th i r d  M axwell's equation  can now be in tro d u ced :
V x  H *  J  + ^ D / d t  (A -lU )
which m u ltip lie d  by jx  (m agie tic  p e rm eab ility )  becomes:
7 x B r ^ u . J +  ^ E / ^ t  (A-15)
sin ce  D a £  E and B -  U H. Note th a t  th e  ra t io n a liz e d  MKS 
system o f  u n its  i s  being used as recommended by th e  In te rn a t io n a l  
E lectrochem ical Commission in  1950*
S u b s titu tio n  of A-8 in to  A-15 and use o f a v e c to r  id e n t i ty  
f o r  the  c u r l  o f  a  c u r l  g ives:
7 ( 7 . 1 )  -  V 2 A b u J  + U6 9 l / 3 t  (A-16)
In troducing  equation  A-13 in to  A-16:
7(7  . A) -  7  2 A -  | t J  -  p € > ( 7  V ) / d t  -  n e ^ l f a t 2 (A-17)
For th e  sake of convenience, th e  d e f in it io n  o f v ec to r  A
can be completed now. I t s  divergence i s  defined  to  b e :
7 . A = -  v ie^ V /^ t (A-18)
so th a t  equation  A-17 can be s im p lif ie d  to :
V 2 A - n e " 3 2 V 9 1 2 -  -  u J (A-19)
J  i s  th e  cu rren t d e n s ity  v e c to r  corresponding  to  the  
c u rre n t i ^ ;  th e re fo re , i t  has only one component in  th e  z- 
d ire c tio n x
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= J a ^  ^  (A-20)
Equation A-19 can be s im p lif ie d  in  o rder to  get th e  v ec to r
p o te n t ia l  A caning from the  reg ion  o f th e  o s c i l l a t in g  dipole* Since
J  ■ 0 in  t h i s  p a r t ic u la r  case* i t  can be transform ed t o :
v2 V 2 A -  S 2 I / H 2 = 0 (A-21)
- l /2where th e  w ell known r e la t io n  v a ( n 6 ) a v e lo c ity  o f th e  
l i g h t  in  th e  medium (e .  g . ,  so lu tio n ) , has been used. When so lv ing
equation  A-21, one must b ea r in  mind th a t  i t s  so lu tio n  must be
a lso  a so lu tio n  to  equation  A-19 when th e  reg ion  c lo se  to  th e  
d ip o le  i s  being considered . However, t h i s  trea tm en t w i l l  be p o s t­
poned u n t i l  a s im ila r  case i s  examined.
The rem aining M axw ell's equation  i s  u su a lly  w r itte n  in  
th e  fo llow ing  way:
V . I -  f/e (A-22 )
S u b s titu tio n  of A-13 in to  A-22 and l a t e r  in tro d u c tio n  o f A-Id 
g iv e s :
-  v2 V 2 V + ^ 2V / 3 t 2 a ?/£  (A-23)
In  a reg ion  f a r  fran  th e  o s c ia l la t in g  d ipo le  th e re  i s  no charge; 
consequently , ex p ressio n  A-23 can be equated to  z e ro . As in  th e  
case o f equation  A-21 i t s  so lu tio n  must conform w ith  th e  s i tu a t io n  
in  th e  reg ion  c lose  to  th e  d ipo le .
I l l
Equation A-21 can be decomposed In  th re e  d if f e r e n t  s c a la r  
equations by tak in g  In to  co n s id e ra tio n  each o f  th e  components o f 
v e c to r  A, i . e . , A^, Ay, A^. From t h i s  v iew point, equation  A-23 fo r  
th e  ease o f zero charge d e n s ity  and any o f th e  th ree  s c a la r  
equations a r is in g  from A-21 can be handled in  th e  sa te  way. There­
fo re ,  the  fo llow ing trea tm en t i s  a  g en era l one fo r  b o th , though 
th e  s c a la r  p o te n t ia l  f i e l d  T i s  chosen to  be th e  unknown.
I f  V ■ S (x ,y ,z )  T ( t ) ,  i t s  su b s ti tu tio n  in to  equation  
A-23 (making 0) follow ed by d iv is io n  by S T gives I
v2 _  9 1 "32T (A-2U)
T 7  8 •  —
Bach member o f equation  A-2h i s  independently  v a r ia b le . For t h i s  
to  be p o ss ib le  fo r  a l l  va lues o f x , y , and z , and t ,  bo th  members
O
must be equal to  a constant* say -  Q :
1 S 2T = -  Q2 (Ac25)
T i t *
A general so lu tio n  fo r  equation  A-25 i s :
T s  C e ^  + F e (A-26)
E v id en tly , Q i s  th e  angular frequency since  i t  has th e  dim ension
o f  sec" 1 and appears in  a  harmonic fu n c tio n ; th u s , i t  can be
rep laced  by Cd •
The space equation  can be solved by making S ■ X (x)T(y)Z(z) 
fo llow ing  th e  same procedure as b e fo re , i . e . ,  s u b s t i tu t io n  and
d iv is io n  by XYZ:
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+ .  0  U -37)
x T ?  t  ^  z a ?  v2
Each one o f th e  th re e  f i r s t  terras i s  independently  v a r ia b le .  For 
th e  sun o f them to  be co n stan t i t  i s  n ecessary  th a t  each term  
equals  a co n s tan t, say K2 , K2 ,  K2 r e sp e c tiv e ly . T herefore :
K2 + k\  + K2 8 ^  r  (21TA 8 )2 = K2 (A-28)
and th e  so lu tio n  fo r  each equation w i l l  be o f th e  ty p e :
so th a t  th e  corresponding one f o r  S i s :
S = SK (V 29)
o r i  ' S m Sjj e“ *^*r  (A-30)
where K i s  th e  p ropagation  v ec to r whose magnitude can be 
c a lc u la te d  from equation  A-28. Using th e  p r in c ip le  o f super­
p o s it io n  and combining th en  a l l  so lu tio n s  of t h i s  type w ith  th a t  
o f th e  tim e eq u atio n , th e  f i n a l  r e s u l t  i s :
.  Y .  ° v » 3 " ( t ' r/T)-v ° - ■ (A-31)
K
since  K .r has th e  magnitude o f <or/v. The s ig n s in  th e  exponent 
have been chosen so as to  have a  wave t r a v e l l in g  in  th e  p o s it iv e  
re d ire c t io n .
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In stead  o f th e  sun I t  I s  u su a l to  w rite  th e  in te g ra l*
V = (Ar 32)
This i s  a  g en era l so lu tio n  fo r  th e  s c a la r  dynamic p o ten tia l*  For 
r  ■ 0 , l* o * , in  th e  reg io n  o f  th e  d ip o le ,  th e  p a r t ic u la r  so lu tio n  
i s  w ell known (see any tex tbook o f E le c t r i c i ty  and M agnetism):
V0 -  1 A f / r ) d K 1dK2dKJ (A-33)
h i r e  J
though u su a lly  a summation sign  i s  w r itte n  in s te a d  o f th e  in te g ra l .
S o lu tion  A-33 must be a s p e c ia l case o f g en era l so lu tio n  
A-32. Adequate comparison of bo th  exp ressions lead s  to  a more 
g en era l fo rm ulation  o f equation  A-32:
•  jA - .  J '  ( f / £ r )  dK1dK2dK3 (A-3lt)
where j** i s  a harmonic ex p o n en tia l fu n c tio n  depending on tim e 
and d is tan ce  along r*
I f  any one o f th e  th re e  s c a la r  equations which can be 
w r itte n  from A-19 i s  compared w ith equation  A-23, i t  appears th a t  
a  g en e ra l so lu tio n  o f  th e  type o f A-3U must be expected f o r  A-19* 
The only  lo g ic a l  change i s  th a t  IVg must be rep laced  by p i f  
th e  z-ccmponent i s  chosen to  i l l u s t r a t e  th e  s itu a tio n *  Therefore*
f  (Ja/ r )  dK1dK2dK3 (A-3S)
k i r  J
where i s  a  harmonic fu n c tio n  o f th e  same ty p e  as  J5 . A^ and 
Ay should be form ulated in  a s im ila r  manner, bu t going f>ack to  th e
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co n d itio n s  o f  th e  problem (In c id en t l ig h t  I s  tra n sv e rse  and plane 
p o la riz ed ) i t  i s  r e a d i ly  seen th a t  Jx  and Jy  are  ze ro , s ince  th e re  
i s  no movement o f th e  e le c tro n  along the  x -  and y-axes and con­
seq u en tly  ^  S Ay I  0 .
In tro d u c tio n  o f equation  A-7 and A-20 in  so lu tio n  A-3J> 
p erm it8 now a more e x p l ic i t  fo rm ulation :
.  f , s i n , 0 l t j l j A L  dz (A-36)
liira J  r
Note th a t  th e  elem ents o f volume dxdydz and dK^di^dK^ are  
eq u iv a le n t, th u s  accounting f o r  th e  appearance o f dz in  th e  f in a l  
expression*
I f  th e  am plitude o f  th e  o s c i l la t io n  o f  th e  e le c tro n  (a /2 ) 
i s  considered very  sho rt w ith  re sp e c t to  th e  d is tan ce  r ,  which i s  
a f a i r  assumption in  u sual c ircum stances, in te g ra tio n  can be 
c a r r ie d  out r e a d i ly  between l im its  - a /2  and +a/2 since r  becomes 
p r a c t ic a l ly  c o n s ta n t:
A_ a ~  s in £ 0 (t -  r /v )  (A-37)
r
where A0 stands fo r  U ocE0£*VU'ir«
With th e  a id  o f F igure 11 i t  i s  r e a l iz e d  t h a t :
Ap s  A  ^ c o sKT (A-38)
A t^ * Aj  s in  9CT (A-39)
H  «  0 (A-UO)
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Figure 11« C artes ian  and P o lar 




One can subsequently  use p o la r  co o rd in a tes  when looking fo r  
ex p ressions fo r  e l e c t r i c  and magnetic f i e ld s ,  which w i l l  be 
needed fo r  th e  c a lc u la tio n  of th e  ra d ia t io n  energy* Now, equation  
A-8 can be developped in  o rder to  g e t B. W riting i t  down in  th e  
s im p lif ie d  determ inant n o ta tio n  i t  i s  r e a l iz e d  th a t  components 
Bp and B^ must be ze ro :
B •  V x  A -
l r  l y  





J L (A - ia )
B = -
r  s in X  9 ^  r  s in X  9 ^
9Ar Ijrf h ( rA  ) 9Ar \
 r  \  9 r  *'5x/
(A-U2)
AoSinX co scD (t-r/v )  + i  s in O )( t* -r /v ) | (**U3)
This i s  th e  only  component o f  th e  m agnetic f i e ld  a r is in g  from th e  
o s c i l l a t io n  o f th e  charge. By means o f A-U3 and A-lii, th e  components 
o f th e  e le o t r ic  f i e ld  v ec to r can now be determined* F i r s t  o f  a l l ,  
th e  determ inant n o ta tio n  i s  used f o r  th e  c u r l  o f H and then  M axwell's 
equation  A-Hi w i l l  be used w ith  J  ■ 0 since th e  po in t P i s  f a r  from 
th e  o s c i l l a t in g  charge.
V x  H =






V x H = * r 9 ( r % s ln X )  _  I  9 ( r H ^ a ln ^ )  (Ar-ii5)
r 2sin?C "^X r  s in X  9 r
The r -  and th e  components a re  taken  se p a ra te ly  from A-US> and
equated  to  th e  corresponding components from equation  A -llu
^  Dr _ ( V x  H)r  9  1 ~M rH^sinX) (A-U6)
r i^sinX 9X
There I s  no ^-component, 1. e . ,  a 0 . (A-U8)
In te g ra tio n  of exp ressions A-U6 and A-li7 from t  -  0 to  
t a t  a f t e r  d e r iv a tiv e s  w ith  re sp e c t to  r  and jC have been 
ob ta ined  by using  A-ii3, renders  re sp e c tiv e ly  th e  two components:
L  :  i ,  ( v / r ) 2co eo c(l s in c o ( t - r /v )  -  JL_ coscj ( t - r / v ) )  (A-U9)
(v  CO r  J
E<* a  ^ ( ^ / r j s i n x / l  s in c o ( t - r /v )  + (JL_ -  £ i ) c o s « ( t - r /v )}  (A-*>0)
[v r  fo r 2 v2 J
Equations A-U3, A-U9* and A-50 give th e  components o f th e  e le c tro ­
m agnetic f i e ld  caused a t  p o in t P by th e  o s c i l la t in g  charge* In  
o rd er to  get the  energy em itted , Poynting1 s v ec to r S -  E x  H 
must be ev a lu a ted . T his i s  an easy op era tio n  because th e  th re e  
mentioned components a re  normal to  each o th e r and th e y  can be 
d i r e c t ly  m u ltip lie d . Tems con ta in in g  sino) ( t - r / v ) c o s o  ( t - r / v ) ,  
cos2 C 0 (t-r /v )  and s in 2 CO ( t - r / v )  are  ob ta ined . Terms o f  th e  f i r s t  
type do no t c o n tr ib u te  a t  a l l  i f  tim e-averages a re  evalua ted
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because th e  average h e ig h t o f th e  product I s  ze ro . The remaining 
ta rn s  a re  w r itte n  below sep a ra te ly  as s c a la r  components.
Sp ■ (k0/ r ) 5 in 2/X: | (  W2 -  I ? )cos2£k) ( t - r / v )  ♦ Z_sin2*o ( t - r /v ) ^  (A -S i)
Sy. s  (Aov /r^ ) s in 7 fc o s ‘3C'-^sin2 c 0 ( t- r /v )  -  cos2 £ J ( t - r /v ) ^  (A-S2)
The average h e i s t s  o f  squared sine  and cosine are  th e  same, th u s  
expression  A-52 becomes zero when averaged. In  o th e r words, S^. = 0. 
For th e  same reason , th e  s im ila r  couple of trig o n o m etric  term s in  
equation  A-Sl w i l l  d isappear when tim e-averaged over a l l  space.
The u se fu l p a r t  as f a r  a s  th e  ra d ia t io n  f i e ld  i s  concerned, i s  
th e re fo re  th e  fo llow ing :
Sj. ■ ^AgCO)2/ / * ^ }  s in 2 Tt cos2 dO(t -  r /v )  (A-53)
When expressions A-U3, Arh9 and A-SO are  compared w ith  A-S3, i t  
appears th a t  th e  only  c o n tr ib u tin g  components to  th e  average 
ra d ia t io n  f i e ld  can be form ulated as :
Ej  z  f ^ o f £  s in  cosfc)(t -  r /v )  (A-5U)
U irrv
E s  s in  c o soJ)(t -  r /v )  (A-J>5)
b Tferv%
The ex p ressions A-S3 to  A-5S describe  th e  p ro p e r tie s  o f th e
s c a tte re d  l i g h t .  I t  i s  plane p o la r iz ed , since i t s  e l e c t r i c  v ec to r
o s c i l l a t e s  only  in  th e  z r-p lan e  and i t  t r a v e ls  along th e  r -d i r e c t io n .  
This occurs because th e  in c id en t beam i s  a lso  p la n e -p o la riz e d  l ig h t  
( e le c t r i c  v e c to r  o s c i l l a te s  in  x z-p lan e) and i t  makes th e  e le c tro n  
move a l te r n a te ly  along the  z -a x is .
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I f  a  d ip o le  o s c i l la t in g  along th e  y -a x is  ( in s te a d  o f th e  
z -a x is ,  as  b efo re ) had been considered  from th e  beginning o f th e  
d isc u ss io n , an expression  e x a c tly  th e  same as A-55 (o r A-53, A-5U) 
would have been ob ta ined , but i t  would co n ta in  th e  angle if* instead  
o f 'fc  (see  F igure 11)* In  t h i s  case , th e  p lan e -p o la rized  sc a tte re d  
l ig h t  would have had i t s  e l e c t r i c  f i e ld  v ec to r  o s c i l la t in g  in  th e  
y r-p la n e  and i t s  energy propagated in  th e  r -d i r e c t io n .
When com pletely unpolarized  l ig h t  impinges on the  p a r t ic le ,  
th e  e le c tro n  o s c i l l a t e s  in  a l l  d ire c tio n s  w ith in  th e  y z -p lan e . As 
a  consequence, an observer lo ca te d  in  any d ire c tio n  normal to  th e  
x -a x is  (along which th e  in c id en t l ig h t  i s  t r a v e l l in g ) ,  w ith in  th e  
y z -p lan e , would see only  plane p o la r iz ed  s c a tte re d  l i g h t .  The 
s i tu a t io n  i s  q u ite  d if f e re n t  i f  th e  observer i s  lo c a ted  in  any 
o th e r p o s it io n . However, th e  most general problem w i l l  no t be 
considered  h e re . For p r a c t ic a l  purposes, i t  i s  o f  in te r e s t  to  
examine th e  p ro p e r tie s  o f th e  l ig h t  s c a tte re d  w ith in  the  xy-p lane, 
th a t  i s ,  when ‘X'm 90°, so th a t  'if* co in c id es w ith  th e  p o la r  
coo rd in a te  jrf. In  o th e r words, i t  i s  th e  case  o f th e  observer 
lo c a te d  w ith in  th e  xy-p lane . Then, when in c id e n t unpolarized  
l ig h t  i s  used, expression  A-53 can be g en era lized  as fo llow s:
Sj. 3 {(AoC0)2/*x i ^ v ]  ( s in 2 'jC'+ s in 2 ) f )  cos26 0 ( t- r /v )  (A-56)
and fo r  th e  s p e c if ic  case being considered :
Sp s  | (A o6J)2/ p  r 2v ]  (1 + cos2®) cos2 a > ( t- r /v )  (A—57)
where ® s  1& + 90° i s  th e  ang le , w ith in  th e  xy-p lane, between th e  
d ire c t io n s  o f  th e  s c a tte re d  and in c id en t beams.
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Expression A-56 could have been ob ta ined  by using  an 
ap p ro p ria te  m o d ifica tio n  o f equation  A-3, i . e . ,  consid e rin g  an 
in c id e n t beam w ith  e l e c t r i c  v e c to rs  o s c i l la t in g  only along y -  and 
z -d ire c t io n s .  However, u n po larized  l ig h t  has them o s c i l l a t in g  in  
a l l  r a d ia l  d ire c tio n s  w ith in  p lan es  normal to  th e  p ropagation  
v ec to r (co in c id en t w ith  x -a x is ) } in  s p ite  o f t h i s ,  i t  i s  a  p e r fe c t ly  
good procedure to  decompose a l l  th e se  e l e c t r i c  v e c to rs  in to  t h e i r  
components along y- and z -a z e s . B ut, i t  cannot be fo rg o tte n  th a t  
each component, assumed to  have E0 as maximum am plitude, i s  con­
t r ib u t in g  to  th e  t o t a l  in te n s i ty  o f the  in c id e n t beam, ap a rt 
from th e  f a c t  th a t  E0 has a d i f f e r e n t  meaning fo r  p o la r iz e d  and
u n po larized  l i g h t .  For th e  f i r s t  type o f l ig h t  th e  t o t a l  in te n s i ty
2Ip  o f th e  in c id e n t beam i s  p ro p o rtio n a l to  E0 j f o r  unpo larized
l ig h t  I  i s  p ro p o rtio n a l to  2E£. The fo llow ing  s te p  w i l l  give th e
exact r e la t io n s h ip  f o r  p la n e -p o la riz e d  in c id e n t l i g h t ,  and th e  
f a c to r  2 w i l l  be accounted fo r  when th e  same problem i s  solved 
f o r  unpo larized  l ig h t  (see equation  A -6 l). From equation  A-3 
and th e  w e ll known r e la t io n  between am plitudes of e l e c t r i c  and 
m agnetic v ec to rs^  one o b ta in s :
H s  6 v  E (A-58)
Sg r  E H s  £  v E2 cos2 60( t- x /v )  (Ar59)
The average value o f Sg i s  th e  energy p e r u n it  a rea  p e r u n it  tim e, 
o r  in te n s i ty ,  o f  th e  in c id en t beam. This average value i s  ob tained
-1-Check, f o r  in s ta n c e , th e  r e la t io n  between equations 
A-5U and A-55.
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by in te g ra tin g  expression  A-59 over d is tan ce  between th e  l im its  
0  and v , and d iv id in g  the  r e s u l t  by th e  same d is tan ce  v : 
v
R ecalling  the  ms aning of Aq and in tro d u c in g  A-6l in  equation  A-57* 
th e  expression  fo r  Sj. becomes:
So f a r ,  only one p a r t ic le  has been considered  resp o n sib le  f o r  the  
s c a tte re d  energy. When th e re  a re  many p a r t ic le s  randomly arranged 
in  space* th e  s c a tte re d  energy p er u n it  volume i s  p ro p o rtio n a l 
to  th e  number o f p a r t ic le s  p re sen t in  th a t  u n it volume. The 
argument can be simply exp la ined . I f  one p a r t ic le  i s  held  f ix e d  
and th e  o ther i s  moved about* th e  r e la t iv e  phases o f th e  l ig h t  
s c a tte re d  by th e  two p a r t ic le s  in  any d ire c tio n  o th e r  than  th e  
forward d ire c tio n  w i l l  change c o n tin u a lly . I t  can be sa id  th a t  
d e s tru c tiv e  in te rfe re n c e  occurs h a lf  o f th e  tim e on th e  average 
and c o n s tru c tiv e  in te rfe re n c e  occurs th e  r e s t  o f th e  tim e. The 
average in te n s i ty  i s  zero in  th e  f i r s t  case and fo u r t im e s  th e  
in d iv id u a l s c a tte re d  in te n s i ty  in  th e  c o n s tru c tiv e  s i tu a t io n .
The mean in te n s i ty  s c a tte re d  by a p a i r  o f  p a r t ic le s  i s  thus
(li + 0 )/2  3 2 tim es th a t  of a s in g le  p a r t i c le .  I f  more p a r t ic le s








so th a t  th e  f i n a l  conclusion I s  th a t  th e  msnber of p a r t ic le s  per 
u n it  volume should be in troduced  as a f a c to r  in  exp ression  A-62.
The number o f p a r t ic le s  p er u n i t  volume i s  designated  by o •
This argument i s  v a l id  as long as  th e  p a r t ic le s  have no 
dimension g re a te r  t  han l/2 0  o f  th e  wavelength o f  th e  in c id e n t l ig h t  
in  th e  medium. When th e  p a r t ic le s  are la rge  enough fo r  l ig h t  
s c a tte re d  from one p a r t  o f th e  m olecule to  in te r f e r e  w ith  th a t  
from another p a r t ,  the  s c a tte r in g  i s  no longer sym m etrical and 
any o f  th e  fo llow ing  ex p ress io n s  must be co rrec te d  to  tak e  t h i s  
in to  account.
The in te n s i ty  i s  expressed  norm ally in  term s of th e  so 
c a l le d  Rayleigh1s r a t io  o r  reduced in te n s i ty , i . e . , energy s c a tte re d  
p er u n it  s o lid  angle and p er u n it v a lu e  o f  th e  in te n s i ty  of th e  
in c id e n t l i g h t .  By averaging as in  expression  A-60:
v
r -  2 u rsine  d © /  S,. r 2 d r  (^ 63)
® 2 i r l  v  sin© d©
R^ s <0^1) ( i  + cos2©) (A-6U)
32*rr2v ^ e 2
E sp e c ia lly  im portant i s  th e  value fo r  © a 90°, i . e . ,  reduced 
in te n s i ty  measured along a  d ire c t io n  normal t o  th a t  o f th e  
in c id e n t beam; s in ce  cos^90 i s  ze ro :
Ro0 = (A-6£)
32'ir2vk e 2
2A way of g e ttin g  a  more m athem atical p roof i s  proposed by 
W. Kauzmann, Quantum Chem istry (New York: Academic P ress , 1957), 587*
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The term cos^e in  expression  A-6I1 re p re se n ts  th e  amount 
o f h o r iz o n ta lly  p o la riz e d  sc a tte re d  component, which i s  vary ing  
w hile th e  v e r t ic a l  component, rep resen ted  by th e  number one, 
rem ains constan t whatever the  value of 0 . T his means th a t  
com pletely unpolarized  s c a tte re d  l ig h t  i s  produced fo r  an observer 
lo ca ted  a t  0° o r  180°. U nfortunately , th e re  i s  no d ire c t  
p o s s ib i l i ty  o f measuring a t  th ese  ang les and e x tra p o la tio n  methods 
must be used*
I t  has beccme a w idespread p ra c t ic e  to  fo llow  Debye's 
convention based on th e  measurement o f th e  decrease in  in te n s i ty  
o f th e  in c id e n t beam a f t e r  passage th rough  a tu rb id  m edim , in  
th e  same way as th e  s im ila r  decrease due to  s e le c tiv e  abso rp tion  
i s  used . This decrease i s  eq u iva len t to  the  t o t a l  s c a tte re d  energy, 
which can be c a lc u la te d  by in te g ra tio n  of R^I over th e  complete 
s o lid  ang le :
1T
I B = oC2 ^  °  f  (1 + cos2©) 2Tf sin© d0 (A-6 6 )
32if2v^e2 J
o
1 ,  * » ,  i  = r i  (*-67 )
where 'C  i s  th e  so c a lle d  tu r b id i ty ,  being expressed here in  
ra t io n a liz e d  MKS units*  Comparing A-65 and A-67 :
x :  » 167TR90/3 (A-68)
Formula A-6? ex p resses th e  lo s s  o f th e  in te n s i ty  experienced by 
th e  in c id e n t beam along the  x -d ir e c t io n :
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I B = _ * L  r  *C I  (A-69)
dx
In te g ra tio n  over th e  t o t a l  p a th  len g th  1 o f th«  medium g iv es:
I  = I 0 «“ 'C1 (A-70)
where I 0 i s  th e  i n i t i a l  in te n s i ty  o f th e  in c id e n t beam.
So f a r ,  th e  d iscussion  has been concerned w ith  th e  
s c a tte r in g  of l ig h t  by sm all is o tro p ic  p a r t ic le s  in  a homogeneous
f lu id ,  Bay, a gas o r a pure l iq u id .  To extend th e  argument t o  th e
,<
case o f so lu tio n s  i s  th e  purpose of th e  fo llow ing  c o n s id e ra tio n s .
The t o t a l  e l e c t r i c  moment p er u n it  volume of a pure 
so lvent ( in  MKS u n i ts )  i s  u su a lly  c a lle d  p o la r iz a tio n  and i s  
expressed a s :
PB = B ( £ b -  e Q) (A-71)
where £ B and € 0 a re  the  d ie le c t r ic  co n s tan ts  o f th e  so lv en t and 
vacuum re sp e c tiv e ly , and E i s  again  th e  f i e ld  s tre n g th . The 
homogeneous f i e ld  w i l l  be d is tu rb e d  by th e  f i e ld  o f th e  d ip o le s  
m of th e  so lu te , in  th e  case of a d i lu te  so lu tio n . The cond ition  
o f  d i lu tio n  i s  req u ired  in  o rder to  apply th e  former co n s id e ra tio n s  
about s c a tte re d  l i g h t ,  i . e . , which ru le  out e f f e c t s  due t o  in te r ­
a c tio n  between p a r t i c le s .  The p o la r iz a tio n  o f th e  so lu tio n  can be 
form ulated a s :
Pt  = E ( 6 b -  € q ) + m<0 (*-7?)
Pt  = E ( 6  -  e 0 ) (A—73)
where €  i s  th e  d ie le c t r ic  co n stan t of th e  so lu tio n  and O i s  th e
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number o f th e  p a r t ic le s  p e r u n it volume as  before* Equating A-72 
and A-73i
s  ck.'o s  £  -  £ s (A-7U)
When th e  value of th e  p o la r iz a b i l i ty  c< , tak en  from A-7U, i s  
in troduced  in  A-67 an expression  fo r  the  tu r b id i ty  i s  ob ta ined :
* c  = e  -  g  g )2 (A-75)
6-tt €  v t>
a
I f  expression  A-75 i s  m u ltip lie d  by (iiTT)> tu r b id i ty  appears 
expressed in  CGS u n its  and can be recognized in  th e  form th a t  
u su a lly  i s  given in  most p u b lic a tio n s . However, o th e r forms 
are  known* R ecalling  th a t  in d ic e s  o f r e f r a c t io n  are simply r e la te d  
to  th e  d ie le c t r ic  co n s tan t:
n2 s £/<=„ ( A r 7 6 )o
and th a t  th e  v e lo c ity  o f th e  l i g i t  in  the  medium can be expressed  
in  term s o f the  v e lo c i ty  in  vacuum, vQ:
v s  Vq/ ii = coX/2-rrn (A-77)
in  which “A i s  the  wavelength in  vacuum o r a i r ,  A-75 can be 
transform ed in to :
^  a 8TT3 (n2 -  ns2 )2 (A-78)
3 t>
A usual approxim ation i s  the fo llo w in g . The d iffe re n c e  
between squared in d ic e s  of r e f r a c t io n  i s  converted in  th e  product
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of th e  sum by th e  d iffe re n c e  o f  th e  in d ic e s  them selves, and th e  
sum i s  considered  p r a c t ic a l ly  equal to  2ng, since fo r  d i lu te  
so lu tio n s  i t  i s  expected an index  o f  r e f r a c t io n  p r a c t ic a l ly  
co in c id en t w ith  th a t  o f  th e  solvent* B esides, i f  D i s  expressed 
in  term s o f  the  co n cen tra tio n  and introduced, in  A-78, th e  f in a l  
fo rm ulation  is*
H i s  a  constan t c h a r a c te r is t ic  o f  th e  so lu tio n , the  
determ ination  o f  which depends on th e  measurement o f th e  
d i f f e r e n t i a l  r e f r a c t iv e  index of th e  so lu tio n  w ith  re sp e c t to  
th e  so lv en t, th e  wavelength o f th e  in c id e n t l i g h t ,  th e  concen­
t r a t i o n ,  and th e  index o f r e f r a c t io n  o f th e  so lv en t. Equations 
A-79 and A-80 can be used w ith  the  CGS system o f u n i ts ,  d e sp ite  
being ob tained  by use o f th e  MKS system because i t  can re a d ily  
be v e r i f ie d  th a t  th e  co n stan t f a c to rs  cancel*
'C  = H c M (A-79)
H (A-80)
and c « x> M/N (A-81)
APPENDIX B
LI (ST SCATTERING BY LARGE SPHERICAL PARTICLES
I f  the  p a r t i c l e 8 s c a t te r in g  l ig h t  are  la rg e , i . e . ,  they
have dimensions g re a te r  th an  1/20 o f th e  wavelength o f th e  
in c id e n t l i g h t ,  th en  th e  in te n s i ty  a t  a  given angle may be 
expressed ass
I Q -  H c M P(©) (B -l)
fo r  very  d i lu te  so lu tions*  P(6) i s  a fu n c tio n  o f th e  m olecular 
dimensions and depends upon th e  shape o f th e  molecules* In th e  
fo llow ing  d isc u ss io n , th e  n a tu re  o f the  fu n c tio n  P(G) w i l l  be 
d iscussed  f o r  the  s p h e ric a l shape.
i t s e l f  a s  a  c o lle c tio n  o f d ip o le s , s ince each reg ion  i s  under a 
d if f e r e n t  e x c itin g  f i e ld  in te n s i ty .  The s c a tte re d  ra d ia t io n  from 
th e  p a r t i c le ,  re g a rd le s s  o f i t s  shape, must be th e  sun o f th e  
s c a tte re d  ray s  coming from a l l  p a r ts  of i t ,  ta k in g  in to  account 
th e  phase d iffe re n c e s  between them. The am plitude o f th e  s c a tte re d  
wave i s  p ro p o rtio n a l to  an in te g ra l  over th e  ex ten t o f  th e  
inhomogeneityj t h i s  in te g ra l  can tak e  th e  p lace  of th e  mentioned 
sum* The general fo ra  o f  equation A-30 i s  p e r fe c t ly  v a lid  under 
th e se  c ircum stances:




where A 1b th e  am plitude, a  I s  th e  ra d iu s  o f  the sphere, and th e  
om itted p ro p o r tio n a li ty  constan t i s  r e la te d  to  th e  weight average 
m olecular weight and th e  co n cen tra tio n  according to  equation  B - l. 
The whole expression  i s  d iv ided  by th e  volume o f th e  sphere in  
o rder to  r e f e r  th e  amplitude to  u n it volume o f th e  p a r t i c le .  Equa­
t io n  B-2 can be w r itte n  in  a  s l ig h t ly  d if f e re n t  fa sh io n  so as  t o  
adapt th e  n o ta tio n  to  th a t  u su a lly  encountered. The propagation 
vec to r K w i l l  be expressed by i t s  m agnitude, 2i r / X  , whicho
am p lifies  a v ec to r s in  i t s  same d ire c t io n . The v ec to r  s i s  th e  
d iffe ren ce  between u n it  v ec to rs  S and SQ in  th e  d ire c t io n  o f 
propagation  o f the  s c a tte re d  and in c id e n t beams re sp e c tiv e ly .
By s e tt in g  up sp h e ric a l p o la r  coo rd inates  a t  th e  cen te r 
o f th e  s c a tte r in g  p a r t ic le  and choosing th e  Vector s in  th e  z -  
a x is  d ire c t io n :
K • r  r  K s r  cos© (B-3)




3 i f f  . J t o c o s e  dS d r d V  (B-U)
J J JOOO
1° - ___2_ f f  .JKeroort ^  dcose a ,  (B. 5)
2»3 JJoo
In te g ra tio n  over a l l  allowed values o f © can be performed w hile 
m aintain ing  r  constan t by means o f the  s u b s t i tu t io n  u  a Ksrcos©, 
which g iv es :
A° -  3 f
a^Ks J
a
r  sin (K sr) d r (B-6)
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Now, s u b s ti tu tio n  a -  Ksr and x  a Ksa psrm it a r e a d i ly  
in te g ra tio n  o f B-6 which becomes:
A° ~ iL. ( Bin x  -  x  cos x ) (B—7 )
x3
The in te n s i ty  i s  d i r e c t ly  p ro p o rtio n a l to  th e  square o f th e  
am plitude. This and equation B -l lead  to :
The magnitude of th e  v ec to r s can be re a d ily  c a lc u la te d  
by applying th e  cosine theorem to  i t  and to  th e  two u n it  v ec to rs  
S and Sq. The r e s u l t  i s :
When equation  B-8 i s  expanded, i t  can be understood why 
P (6 )  d isappears  f o r  sm all p a r t ic le s  (compare equations B -l and 
A -79)t The f i r s t  term  of th e  s e r ie s  i s  u n ity  (see equation  I I - 9 )  
and a l l  th e  o th er term s are n eg lec ted  since x , which involves 
dimensions o f the  p a r t i c le , i s  too  sm all. For la rg e r  spheres
A
th e  second term  o f th e  s e r ie s ,  x  / £ ,  must be taken  in to  account, 
and so on.
s s  2 s in  (6 /2 ) (B-9)
APPENDIX C
SUPPLEMENT OF SECTION VI
TAB IE IV
Group A: Sodium S i l ic a te  S o lu tions
Code Cone. Molar Molar conc. x 102 I n it ia l Time pH
No. g/cc.j&03 Ratio <5iJ K4 (3s* pH det.3-
S-01 5-57 131.6 5.1U •m . . . — - 6.08 53 min.
S-02 5.59 98.0 5.1U ------ ------ . . . . . . . .
S-03 5.62 65.8 5.1U ------ ------ ------ ------
s-oU 5.62 65.8 5.11* o.iU ------ . . . . ------
S-05 5.62 65.8 5.1U — - O.lli ------ ------
S - l l 5.63 l l . l i 3.1*2 . . . » . . . . . 10.00 U5 min.
*fhe tim e elapsed  from p rep a ra tio n  o f th e  so lu tio n  to  
th e  f i r s t  pH measurement i s  given In  th e  l a s t  column o f Tables 


















S -l5 1.78 3 .5
Molar conc. x 10^ I n i t i a l  
c F ---------------------------pH
3.12   6.92
3 .36  —— 7-51
3.12   6.92
3.10    7 . I 0
7.66 —— 7.12















Group AD: Sodium S i l lc a ta  S o lu tions
Coda No. Conc. Molar Molar conc. x 1(£
g/cc.xlO ^ R atio " V l- 'C «r
S-131 1.87 76.8 1 .68 ------
S-221 1.97 1*9.0 1 .7 0
S-231 1.97 1*9.0 3.83 ------
S-2l*l 1.97 1*9.0 7.38 ------
S-251 1.97 1*9-0 7.38 5.68
S-132 0.9U 76.8 0.81* ------
S-222 0.98 1*9.0 0.85 — -
S-232 0.98 1*9.0 1.92 ------
S-2l*2 0.98 1*9.0 3.69 ------
S-252 0.98 1*9.0 3.69 2.81*
S-253 0.39 1*9.0 1.1*8 1.11*
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TABLE VII 













C-32 U.62 15.0 2.72 9.12 5 min.
C-31 U*Uo 19.2 2.88 8.66 U min.
C-Ul U.28 21.8 2.96 8.U6 2 min.
c-U2 U.28 21.8 3.00 8.52 5 min.
C-U3 U.28 21.8 3.05 8.U2 2 min.
C-UU U.28 21.8 3.10 8.U8 3 min.
C-26 U.33 2U.0 3.10 8.20 5 min.
G-16 3.96 U2.3 3.26 7.32 5 min.
TABLE V III 











C-33 2.37 39.1 1.92 7.7U U min.
C-3U 2.31 50.3 1.96 7.U2 6 min.
C-51 2.29 53.0 1.96 7.28 3 min.
C-52 2.29 53.0 2.00 7.29 3 min.
0-53 2.29 53.0 2.05 7.31 3 min.
C-5U 2.29 53.0 2.10 7.33 3 min.
0-35 2.26 70.U 2.00 7.02 7 min.
13U
TABIE IX
Group BD: Cesium S i l ic a te  S o lu tio n s  
Code No-* Conc. g/cc.xlO^ Molar R atio  Molar conc. Cl" xlO^
G-321 2.31 15.0 1.36
C-311' 2.20 19.2 l.liU
C-U ll 2.1U 21.8 1.1*8
c-U U 2.11; 21.8 1.55
C-261 2.16 2U.0 1 .55
C-322 1.16 15.0 0.68
C-312 1.10 19.2 •0.72
C-U12 1.07 21.8 0.7U
C-Ui2 1.07 21.8 0.78
C-262 1.08 21*. 0 0.78
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TABLE X
Groups BD and CD: Cesium S i l ic a te  S o lu tions
Code No. Conc. g/cc.xlC p Molar R atio  Molar conc. Cl” x  ic£
C-331 1.18 39.1 0.96
C-3U1 1.16 50.3 0.98
C-511 l .l l* 53.0 0.98
C-5U1 l.l l* 53.0 1.05
C-351 1.13 70. 1* 1.00
C-332 0.59 39.1 0.1*8
C-3U2 0.58 50.3 0.1*9
C-512 0.57 53.0 0.1*9
C-5U2 0.57 53.0 0.52
C-352 0.56 70.1* o.5o
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F i l t e r s  2 * k
F i l t e r s  1 ♦ I4
F i l t e r s  2 + 3
F i l t e r  I*
F i l t e r s  1 + 2
F i l t e r  3
F i l t e r  2
F i l t e r  1
F igure 12. Absorbancies ( in  a r b i t r a r y  
u n i ts )  o fP h o e n ix  N eu tra l F i l t e r s .
1------•----- 1---*—|----- 1------1------1----- 1----- 1-----i-------1---- i----- »----- 1 —I----- 1------►
U36 Wavelength (m/O 5h6
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SUPPLEMENT TO TABLE XI: MEANING OF THE LETTER HEADINGS
A: Hunbir o f th e  f i l t e r  (o r combination o f f i l t a r a )  over 
number o f th a  one used aa the  re fa ran c a .
B: Opal re fe ren ce  standard  w ith  m etal ho lder f i t t i n g  in
c e l l  t a b le ,  th e  working standard  being out o f  the  beam p a th .
C: C y lin d ric a l c e l l  con ta in ing  Styron so lu tio n  in  to lu en e
(0 .5  g» per 100 m l.)  in  c e l l  t a b le .  Disc s e t  a t  90° p o s it io n .
D: Working standard  in  i t s  u su a l p o s it io n . N either 
re fe ren ce  opal s tandard  nor any o th e r o b jec t in  the  c e l l  ta b le .
Es Working standard  in  i t s  u sua l p o s itio n  p lu s  
c y l in d r ic a l  c e l l  w ith  Styron so lu tio n  in  c e l l  t a b le .
?s  Opal re fe ren ce  s tandard , w ithout i t s  m etal h o ld e r, 
s e t in  th e  p o s it io n  a t  which th e  working standard  ought to  be.
G: Values c a lc u la te d  from absorbancies measured in
Cary Spectrophotom eter.
H: Values given by O peration Manual CM-100QA, Phoenix 
P rec is io n  Instrum ent C o., fo r  s in g le  f i l t e r s .  Those fo r  th e  
com binations are  c a lc u la te d  from th e  s in g le  ones.
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TABLE H I
Tranaraittances o f th e  Phoenix N eu tra l F i l t e r s
E F GA B C D
1 0.386 0.390 0.1*20
2 0.198 0.196 0.202
3 0.122 0.123 0.129
12 0.0780 0.0789 0.0866
h o.o551* 0.0565 0.0596
13 o.ol*85 o.o5ol* 0.0559
23 0.0214* ------ 0.0271*
Hi 0 .0220 ------ 0.0262
21* 0.0122 ------ 0.0131
123 0.00986 ------ 0.0123
3 U* 0.00707 ------ 0.00861*
121* 0 . 00U60 ------ 0 . 00601*
13U 0 .0029k ------ 0.001*03
23U 0 . 00151* 0,00209
1231* 0.00066 - ___ 0.00105
0.1*21 0.1*16 0.1*22 o.l*5o
0 .201 0.196 0.190 0 . 191*
0.122 0.121* 0.119 0 .121
0.0820 0.0828 0.0802 0.0872
0.0560 0.0559 0.0511 0.0525
0.0527 0.0521* 0.0503 0 . 0514*
0.0260 0.0250 0.0226 0.0235
0.0235 0.0238 0.0211* 0.0236
0.0117 0.0111* 0.00961* 0.0102
0.0111 0.0107 0.009U5 0.0106
-------------- 0.00733 0 . 00601* 0.00635
0.001*98 0.001*07 0.001*58
— — 0.00322 0.00255 0.00286
tat — m wm 0.00158 0.00115 0.00123
— — 0.00072 0.0001*8 0.00055
m o
TABLE XIV
Comparison of Phoanix and Aminco T u rb id itia s  fo r  
Soma Sodium S l l lc a ta  S o lu tions
Coda No* Date Aminco Phoenix % D lffarenca over
Aninco Phoenix
s -15 11/10/61 2*72 2.20 19.1 23.6
s-15 11/21/61 2.80 2.1*1* 12.9 ll*»8
s-15 12/12/61 3*10 3.1*1* 11.0 9.9
s-15 1 /  3/62 3*29 2.97 9.7 10.8
s-15 1/16/62 3.1*2 3.35 2 .0 2 .1
S - l l 11/21/61 6.32 6.31* 0.3 0.3
S - l l 12/12/61 8.81 7.58 11*.0 16.2
S - l l 1 /  3/62 9.08 7-99 12.0 13.6
S - l l 1/16/62 9*51 8.20 13.8 16.0
s -13 11/10/61 32*79 30.11* 8.1 8 .8
S-13 11/20/61 1*0.03 37.89 5.3 5.6
s-13 12/12/61 U7»38 1*3.13 9 .0 9.8
s-13 1 /  3/62 59.73 5 6 .ll* 6 .0 6.1*
S-13 1/16/62 71.33 63.26 11.3 12.8
n a
TABLE 17




55 3 .23 1 .99
60 2 .90 2 .01
65 2.67 2 .0$
70 2.U3 2.06
75 2.2U 2.03
80 2.17 2 .07
85 2.1U 2 .11
90 2.13 2.13
95 2.1U 2.11
100 2 .2 1 2.12
io 5 2.3U 2.12
110 2 .$0 2 .1 1
115 2.73 2 .10
120 3 .0 1 2 .08
125 3.37 2.08
130 3.8U 2.08
135 U.68 2 .20
li*2
APPENDIX D
SUPPLEMENT OF SECTIONS VII-A TO VII-D
TAB IE XVI 
Sodium S i l lc a t*  S-Ol 
tsO  on 11/ l / 6 l  a t  1:35 p.m.












3 .00  1550
3.57 1900
3.72 2000
3.92  6 .06  0*1
TABLE XVII TABLE XVHI
Sodium S i l ic a te  S-12 Sodium S i l ic a te  S-ll*
i* 0  on 11/2/61 a t  IasIO p.m. t*0  on 11/6/61 a t  2:11 p.m.
Time(h) PH ( ^ o/MqJxIO3 Time(h) PH (M^/MqJxIO3
o.1a5 5.20 0.08 6.92
o.5o 6.90 O.IaO 3.85
0 .60 7.61a 0.50 1a.  25
0.67 8.71a 0.75 6.15
0.83 12.3 0.78 6.60
0.98 16.0 1.00 8.15
1.17 21.1 1.17 9.62
1.33 26.1 1.55 12.8
l .U l 29*0 2.02 17.2
1.62 35.3 2.50 22.6
1.85 6.92 3.03 27.3
1.97 1a9«1a 3.55 33.6
2.28 63.8 3.82 7.29
2.32 61a.  7 19.2 7.1a2
3.08 97.7 20.0 151a.









Sodium S i l ic a te  S - l l  
t= 0  on 11/2 /61  a t  12*55 a.m.
TABLE XX 
Sodium S i l ic a te  S-13 
taO on U /3 /6 1  a t  1*52 p.m.
Tlme(h) PH (M9Q/i!0)x l0 3 Time(h) PH (H90/M0)x103
0.60 1.77 0.1*5 2.61
0.62 1.78 0.58 7.51*
0.75 10.00 0.68 3.12
0.78 1.87 0.88 3.57
0.87 1.87 1.00 3.89
1.00 1.90 1.50 1*.65
1.23 1.9U 2.50 5.92
1.37 1.99 3.50 6.88
1.60 2.01* 6.00 8.73
2.23 2.01* 6.63 7.92
6.63 2.52 19.5 12.0
28.6 2.95 20.6 8.07
1*5.1 2.91* 67.8 16.1*
1*5.6 10.02 68.1 8.27
93.1 10.18 163.0 8.30 •
93.2 3 .22 161*. 2 19.0
100.0 3.52 1*02.6 8.30
188.0 10.16 1*08.2 23.9
191.3 3.62 91*0.9 27.3
1*27.8 10.16 91*1.1 8.00
U53.9 i*.00 11*66.0 35.2
957-U 1*.78 11*68.0 7.82
966.1 10.18 1780.3 39.9




Sodium S i l ic a t*  S-22 















































Sodium S i l ic a t*  S-23 








































Sodium S il ic a t*  S-2U 
































Sodium S i l ic a te  S-25 































Sodinn S il ic a ta  S -l5
tsO  on U /7/61  a t  8:37 a.m .
Time(h) pH
0.08 10.43 






























TABLE m i  
Sodium S i l ic a te  S-131 


















TABLE m i l  
Sodium S i l i c a te  S-132 


















TABLE m i l l  
Sodium S i l ic a te  S>221 
tsO on 1/25/62 a t  8:51* a.m. 


















Sodium S i l i c a te  S-222 
tatO on 1/25/62 a t  8 :50 a.m. 


















Sodium S i l ic a ta  S-231 




















Sodium S il io a ta  S-232 
t= 0  on l/2 li/6 2  a t  5*35 p.m. 


















Sodium S i l lc a ta  S-2l*l 
t= 0  on l/2 li/62  a t  5*26 p.m. 















57 .5  
58.8
TAB IE XXXIII 
Sodium S i l ic a ta  S-2U2 



















Sodium S i l ic a te  S-251 
t« 0  on l/2 l|/6 2  a t  11: 21 a*m* 




















Sodium S i l ic a te  S-2$2 
tsO  on 1/2U/62 a t  11:26 a.m. 
Time(h) pH (M90/ta0)x l0 3


















Sodium S i l ic a te  S-253 




























Cesium S i l ic a te  C-32 
tsO on 12/21/61 a t  9*1*0 a*m.
Time(h) pH (M^o/koJxlO3
0.08  9*12
0 .32  1.72
0 .50  1 .8 6
1 .00  2 .32
1.13 9.U2
2 .00  2 .7 1
1*.00 3 .19
5 .00  3 .36
6 .02  3 .55
7.82 9.52














1607.0  1 7 .1
TABLE XXXVIII 
Cesium S i l ic a te  C-31 
t .O  on 12/21/61 a t  8:32 a.m.
Time(h) pH
0 .07  8 .66
0 .2 8  
0 .5 0  
1.00










































Cesium S i l ic a te  C-Ul
tsO  on l / l \ / 6 2  a t  1*35 P«m«
TABLE XL
Cesium S i l ic a te  C-U2
t» 0  on l/U /6 2  a t  l t2 8  p.m .
Time(h) pH (M90/fo0)x lo3 Time(h) pH (^o/M oixlO ^
0.03 8 .U6 0.08 8.52
o.5o 3 .05 0 .57 2.77
1.00 3 .5 8 1 .00 3.U2
1.33 8.79 l.llO 8.79
2.00 JU.69 2 .00 U.62
3 .00 5.U7 3 .00 5.U3
U.oo 6.12 U.oo 6.0U
7.23 9 .01 7.U0 8.99
8.00 7.82 8.00 7.98
28.0 1 2 .U 2 8 .1 13 .8
97.0 2 0 .8 97 .0 2U.6
262.0 3U.U 262.0 U5.U
598 .0 9.28 598.0 9.26
598.7 55 .8 598.5 7 5 .U
955.3 9.28 955.5 9.27
963 .0 7 5 .8 963.2 89 .0
1099-5 9.28 1099.7 9.27
1339.5 90.2 1339.7 106.
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TABLE XLI
Cesium S i l ic a te  C-U3
taO  on l/U /6 2  a t  1:2U p.m .
TABLE XLII
Cesium S i l ic a te  C-1*U
taO  on l/U /6 2  a t  1 :18  p.m .
Time(h) PH < V o )jao3 Time(h) PH < v v
0 .03 8.1*2 0 .0 5 8.U8
0.62 2.85 0.60 3 .09
1 .00 3.1*5 1 .00 3 .8 0
l.l»3 8 .82 1.58 8 .85
2 .00 14.63 2 .0 0 U.98
3 .00 5.U* 3.00 5.85
U.OO 6 .0 6 U.oo 6.5U
7.52 8.95 7.67 8 .99
8 .00 8 .0 0 8 .00 8.69
2 8 .0 13.9 28 .0 1U.7
97 .0 25.3 97.0 27.3
262.0 l a .  8 262.0 U5.U
596.1 9.21* 598.3 9.26
596.5 70.7 598.5 77 .6
955.7 9.23 955.8 9 .26
963.2 91.2 963.U 106.
1099.8 9 .26 1099.9 9 .26
1320.0 108. 1320.1 123.
151*
TABLE XLIII 
Cesium S i l ic a te  C-26 
tsO on 12/9/61 a t  9:59 a.m.
TABLE XLIV 
Cesium S i l i c a te  C-16 
tsO  on 12/8 /61  a t  1:20 p.m.





1.00 5 .06 1.00





































Cesium S i l ic a te  C-321 




2.00  8 .I4I4
2 6 .U 8.2U
168.1 9.61
169.U 8.65
I4I I .0  8.88




Cesium S i l ic a te  C-322 
tsO  on 2/26/62 a t  8:33 a.m. 
Time(h) pH (H90/M0 )xlo3
0.20  li.75





U ll.O  3.8U




Cesium S i l ic a te  C-311 
tsO on 2/ 2I4/62 a t  8 :U5 a.m.
Time(h) pH (M?0/Mq)x1o3 
0.17 2U.2
0.87 9.36






9 U .0  22.8
9U1.3 9.20
TABLE XLVIII
Cesium S i l i c a te  C-312 








U36.8 9 . 2I4
U37.2 8.38




Cesium S i l ic a te  C-I4I I
TABLE L
Cesium S i l ic a te  C-1^12 
tsO  on 3/1/62 a t  8*56 a.m.
Time(h) pH (M90/Mo)xlo3 Time(h) pH (M90/Mo)x103
0.20 l& .k 0.15 22.9
0.75 9.26 0.72 9.17
2.07 Ul:»8 2.02 21.1:
25.00 1|3*2 25.00 18.7
168. U U0.7 168.3 16.1
168.7 9 . OU 168.7 8.7U
385.3 1:0.2 385-2 15.3
386. U 9.0U(T) 386.3 8 .52(7)
81*0.7 38.8 81:0.7 1U.7






Cesium S i l ic a te  C-1*1*1 
taO on 2/28/62 a t  1:06 p.m. 
Time(h) pH (M^o/Mq)*103
Cesium S i l ic a te  C—1*1*2 
tsO  on 2/28/62 a t  1:09 p.m. 
Time(h) pH (M90/Ho)xlo3
0.18 6U.2 0.17 31.9
0.65 9.23 0.75 9.12
2.00 61.8 2.00 28.9
2U.5 59.2 2U.5 25.1
168.U 8.99 168.1: 8.72
168.5 56.3 168.5 20.7
1:05.0 52.8 1:05.0 19.6
U06.0 8 .82(7) 1:06.1 8 .50(7)
860.1: 51.2 860.  k 18.7
860.8 8.16 860.8 8 .06
1086.1 51.5 1086.1 18.5
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TABLE L III  
Cesium S i l ic a te  C~26l 
tsO  on 2/16/62 a t  11:1*8 a.m.













131*1 . 1* 91.5
TABLE UV 
Cesium S i l ic a te  0 2 6 2  
trO  on 2/16/62 a t  11:1*2 a.m. 





























Cesium S i l ic a te  C-33 
tsO on 12/27/61 a t  9*UO a.m. 
Time(h) pH (M90/M())xlo3
TABLE LVI 
Cesium S i l ic a te  C-3U 
tsO on 12/29/61 a t  8*27 a.m . 
Time(h) pH (M9£/M0)xK>3
0.07 7.7U 0.10 7.U2
0.37 1.19 0 .50 1.32
0.^0 1.27 1 .00 1 .76
1 .00 1.50 1.22 7.71
1 .10 8.09 2.00 2 .7 1
2 .00 1 .88 3 .00 3.32
U.02 2.70 U.oo 3.9U
6 .00 2 .93 6 .00 U.92
7 .00 3 .15 8.00 5 .61
7.17 8.22 8 .68 7.92
29.58 U.77 9.00 5 .96
29.75 8.1*0 25 .5 8 .00
3 0 .0 I*. 77 26 .0 9 .33
ll*U.O 7.83 98 .0 18 .1
288.0 9 .5  7 21*1.0 27 .0
700.5 13.0 65U.O 1*1.7
701.1 8.1*8 65U.3 8.10
1056.7 8.1*7 965.8 8.02
1061.6 15.1* 1010.0 8.03
1151.0 8 .50 101U.8 5 3 .U







Cesium S i l ic a te  C -5l
tsO  on 1 /5 /62  a t  8:17 a.m.
TABLE LV in
Cesium S i l ic a te  C-52
tsO  on 1/5/62 a t  8:12 a.m.
Tlme(h) PH O^q/MqJxIcP Time(h) PH (M9c/H )^
0.05 7.28 0 .05 7.29
0.53 1.U6 0.50 l.UU
1.00 1 .96 1.00 2.02
1.140 7.57 1.U5 7.59
U.OO U.U6 U.oo U.78
6.00 5.67 6.00 6 .19
7.00 6.21 7.00 6 .82
7.33 7.70 7.U5 7.73
27 .0 1U.5 27.0 17.2
97 .0 29.U 97 .0 36.3
98 .0 29.7 98.0 36 .9
266.1 U5.9 266.1 57.U
600.8 62 .8 600.8 77.8
601 .1 7.99 601.2 7.9U
962.5 75.3 962.6 92.0
965.2 7 .91 965.3 7.91
1279.0 83 .5 1256.8 100.
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TABLE LIX TABLE LX
Cesium S i l ic a te  C-53 Cesium S i l ic a te  C-5U
t* 0  on 1 /5/62 a t  8*07 a.m . t^O on 1 /5/62 a t  8:02 a.m.
Time(h) pH (Mpo/MoJxK^ Time(h) PH (M90/ko)x io3
0.05 7 .31 0 .0 5 7.33
o .5o 1 .38 0 .5 0 l .U l
0 .97 1.9U 1.00 2.03
i .5 o 7 .61 1 .53 7 .61
2 .00 3*17 2 .00 3 .29
U.oo k.9h U.OO 5.13
6 .00 6.143 6 .0 0 6 .7 1
7 .00 7.16 7 .00 7.5U
7.58 7-7U 7.72 7 .75
27.0 18 .0 2 7 .0 20.2
9 7 .0 38 .6 98 .0 U i.2
98 .0 39.2 269.2 70 .0
269.2 60.0 600.8 92.8
600.8 81.3 601.2 7.9U
601.2 7 .95 962.8 109.
962.7 95.9 965.5 7 .93




Caelum S i l ic a te  C-35 
tsO  on 12/29/61 a t  8:2U a.m. 


























Cesium S i l ic a te  C-331 












Cesium S i l ic a te  C-332 
taO  on 2/22/62 a t  2.57 p.m. 
Time(h) pH (Mjq/MqJxIO?






1*55.2 7 .20 (?)
977.8 7.1*2
978.7 1*.53
TABLE BOV TABLE LXV
Cesium S i l ic a te  031*1 













Cesium S i l ic a te  031*2 
taO on 2/22/62 a t  10.28 a.m. 













Cesium S i l ic a te  C-511 
taO on 2/27/62 a t 3 *05 p.m. 
Tlme(h) pH (M^/fcoJxlO3












Cesium S i l ic a te  0 5 1 2  













Cesium S i l ic a te  0-51*1 
taO on 2/27/62 a t  8:1*1 a.m. 
Time(h) pH (M90A o)x lo3












Cesium S i l ic a te  C-51*2 
taO  on 2/27/62 a t  8:1*5 a.m. 
Time(h) pH (M90/H0 )xlo3
0.15 28.1*












Cesium S i l ic a te  C-351 
taO on 2/19/62 a t  5*18 p.m. 













Cesium S i l ic a te  C-352 
taO on 2/19/62 a t  5*15 p.m. 
Time(h) pH (M90/fo0)xlo3
0.17 1*1.1











SUPPLEMENT OF SECTIONS VII-E TO V II-J
TABLE IXXII
Timing o f th e  Angular S c a tte r in g  Data
Code No* Ang. scatt* 
date
(M90/M0 )x103 Measured on:
C-32 2/26/62 17*1 2/26/62
C-321 U/ 6/62 8.85 li/ ii/62
C-322 V  6/62 3*91 ii/ li/62
C-31 2/2U/62 50.0 2/2ii/62
C-311 U/ 5/62 28.8 V  li/62
C-312 V  5/62 8.95 li/ li/62
c-Ui 2/28/62 90.2 3 / 1/62
C-Ull U/17/62 39.0 U/16/62
C-U12 U/16/62 Hi. 7 U/16/62
C—ill* 2/28/62 123. 2/28/62
c-uui U/lU/62 51.5 U/lU/62
C-UU2 U/lU/62 18.5 U/lU/62
C-26 2/12/62 2U6. 2/15/62
C-261 U/13/62 91.5 U/13/62
C-262 U/13/62 31.7 U/13/62
C-33 2/22/62 17.0 2/22/62
C-331 V  9/62 7.81 U/ U/62
C-332 V  9/62 li.53 U/ U/62
C-3U 2/21/62 60.8 2/22/62
C-3U1 U/12/62 33.8 U/12/62
C-3U2 U/12/62 9.10 U/12/62
C-51 2/27/62 83.5 2/27/62
C-511 U /lo /62 3li.6 U/ U/62
C-512 li/lO/62 10. ii U/ U/62
c-5U ' 2/26/62 116. 2/27/62
c-5Ui U/16/62 Ii6.3 U/lU/62
C-5U2 U/16/62 11.9 U/lU/62
c-35 2/19/62 189. 2/19/62
g-351 U/13/62 70.5 U/13/62




Angular S c a tte r in g  Data
6 0*32 C-321 C-322 C-31 C-311 C-312
25 18.9 19.1 13.5 1*5.1* 27.2 7.26
27 17.9 16.0 11.6 1*5.3 26.1 7.20
29 17.5 15.0 10.3 1*3.5 25 .6 7.27
31 16.1 1U.5 9-50 1*2.0 23.9 7.15
33 15-9 13.7 8.05 1*0.7 23.1 7.22
35 15.1* 12.0 7.1*3 1*0.1 22.3 7.10
37 15.0 11.9 6.88 1*0.0 21.9 7.23
39 1U.3 11.2 6.35 39.1* 20.9 7.15
la 13.9 10.1* 6.32 38.3 20.8 7.13
1*3 13.8 9.38 5.73 38.1* 19.7 7.11
1*5 13.5 8.86 i*»91 37.8 19.5 7.02
50 13.3 8.26 1*«37 37.5 19.1 6.76
55 13.1 7.73 1*.17 37.1 18.5 6.65
60 13.0 7 .61 3.89 36.8 18.3 6.61
65 12.8 7.17 3.61 36.1 17.8 6.56
70 12.8 7.25 3.61 35.8 17.6 6.1*7
75 12.5 7.10 3.20 35.7 17.3 6.1a
80 12.5 6.78 3.21 35.5 17.1 6.1*9
85 12.5 6.70 3.21* 31*.8 17.0 6.1*3
90 12.5 6.61 3.18 3l*.8 17.0 6.1*9
95 12.5 6 .61 3.15 31*.8 17.1 6.1*3
100 12.5 6.53 3.17 35.3 17.0 6.1*8
110 12.7 6.68 3.H* 35.0 16.8 6.50
120 12.8 6.52 3.15 3U.8 16.5 6.28
130 12.8 6.1*2 3.13 31*.6 16.5 6.21
TABLE LXXIV
Angvilar S c a tte r in g  Data
e c-Ui 0-1*11 0-1*12 c-l*i* c-i*ia C-l*l*2
25 82.7 38.6 13.3 •
COa 52 .0 21.1
27 83.0 37.6 13.1* 128. 51.9 20.6
29 83.0 37.1 13.1* 126. 51.6 20.1*
31 81.6 37.1* 13.5 125. 51.7 20.1
33 81.9 36.2 13.0 121*. 51.1 19.7
35 81.5 35.3 12.9 120. 1*9.6 19.1
37 81.6 35.5 13.0 121. 1+9.8 lfl.7
39 81.1* 31+.6 12.9 119. 1*9.2 18.1*
u . 81.1 31*. 7 12.7 117. 1*9.2 18.3
1*3 80.5 31*. 1 12.7 117. 1*8.7 18.0
1*5 80 .0 33.7 12.6 116 . 1*8.1 17.8
5o 78.5 33.0 12.1* 111*. 1*7.2 17.1*
55 77.8 32.6 12.0 111. 1*6.0 17.0
60 76.1* 31.3 12.0 109. 1*5.0 17.0
65 7l*-5 30.9 11.7 106 . 1*3.9 16.3
70 73.7 30.1* 11.3 103. 1*2.2 15.9
75 72.3 29.9 11.1 97.9 1*0 .5 15.1*
80 72.0 29.1* 11.0 96.1* 39 .7 11+.9
85 70.9 29 . I 10.9 91*. 7 38.8 11+.5
90 70.3 28.9 10.8 93.1 38.0 H*. 3
95 69*7 28.5 10.7 91.8 37.5 ll* .l
100 69.3 28.0 10.7 89.5 36.8 13.9
110 67.1* 27.5 10.1* 86.6 35.8 13.6
120 65.2 26.8 10.3 83.3 31*. 1* 13.5
130 63.8 26.1* 10.3 82.9 31*.2 13.2
168
TABLE LXXV
Angular Sc a t  ta r in g  Data
o C-26 C-261 C-262 C-33 C-331 C-332
25 1*1*1 • 153. 1*2.1* 12.5 8.35 75.2
27 1*26. 150. 1*2.6 12.5 8.01* 58.0
29 1*12. 11*7. 1*1.8 12.5 7.95 1*3.2
31 1*00. 11*2. 1*0.3 12.5 7.72 32.2
33 383. 138. 39.7 12.5 7.51* 21*.3
35 371. 131*. 39.1 12.3 7.17 19.6
37 361. 131. 38.9 12.3 7.09 13.6
39 31*9. 128. 38.1* 12.1 6.92 10.2
1*1 31*3. 125. 37.8 12.3 6.85 8.1*6
1*3 329. 122. 36.8 12.2 6.63 6.96
1*5 319. 119. 35.9 12.0 6.51* 6.09
50 291*. 110. 3l*.6 12.1 6.15 5.89
55 271*. 102. 33 .1 11.9 5.99 5.66
60 251*. 95.1* 30.7 11.9 5.90 5.50
65 236. 89.5 2 9.1* 11.9 5.82 -5 .09
70 222. 8U.3 28.2 11.9 5.71* 1*.62
75 209- 79.5 27.1 11.8 5.62 1*.08
8o 196. 75.7 26.2 11.7 5.65 3.67
85 187. 71.7 25.2 11.9 5.62 3.50
90 176. 68.8 2l*.l 11.7 5 .60 3.1*1*
95 170. 66.1* 23.6 11.8 5.62 3.36
100 161*. 61*. 1 23.1 11.7 5.62 3.30
110 158. 60.5 21.9 11.8 5.58 3.31
120 11*5. 57.2 20.9 11.8 5.58 3.33
130 139. 55.1 20.2 11.7 5.51* 3.28
169
TABLE LXXVI
Angular S c a tte r in g  Data
e C-3U 0-31*1 0-31*2 C-51 C-511 C-512
25 58.0 21.8 118.1* 115. 173. 136.
2? 58.1* 21.8 91.5 111*. 11*2. 101*.
29 58.2 21.8 69.3 109. 113. 79.9
31 58.1 21.8 53.9 106. 91*. 2 60 . 1*
33 58.0 21.9 1*0.5 101*. 78.2 1*6.3
35 57.3 21.8 31.0 101*. 66.2 35.8
37 57.3 21.7 23.9 102. 59.1 28.6
39 56.6 21.5 18.6 100. 50.7 23.1
Ul 56.1* 21.3 15.3 98.3 1*6.2 19.6
h3 55.5 21.1 13.0 96.9 1*3.2 16.9
1*5 55.0 21.1 11.6 95.7 1*1.2 15.3
50 53.3 20.0 10.6 91.3 38.6 13.1*
55 51.7 19.5 10.1* 86.1* 37.6 12.9
60 51.0 19.0 10.1 82.3 36.7 12.0
65 1*9.1 18.5 9.78 78.9 31*.5 11.1*
70 1*7.9 18.0 9.02 75.9 31.5 10.1*
75 1*6.2 17.5 8.23 72.1 29 .2 9.59
80 1*5.1 17.1 7.86 69.5 29.2 8.97
85 1*1*. 1* 16.9 7.37 67.3 27.8 8.57
90 1*3.1 16.6 7.05 65.1 26.8 8.13
95 1*2.3 16.1* 6.70 63.5 26.2 7.93
100 1*1.6 16.0 6.70 62.1 26.1* 7.78
110 1*0.2 15.6 6.78 58.7 21**7 7.55
120 38.7 15.1 6.78 56.1 23.1* 7.58




























Angular S ca tte rin g Data
c -51* C—51*1 c-51*2 0-35 C-351
238. 198. 85.5 960. 31*0.
233. 165. 68.0 869. 296.
221*. 137. 53.1* 786. 261*.
216. 122. 1*1.0 711*. 236.
210. 102. 33.0 656. 213.
202. 90.1* 26.7 596. 193.
196. 81.9 23.9 51*8. 180.
189 7i*.5 18.7 501. 162.
183. 70.9 15.8 1*68. 153.
172. 61*. 8 11*.9 1*38. 11*5.
166 . 61.6 13.9 1*06. 136.
153. 57.1* 12.5 31*6. 120.
11*2. 51*.1* 12.1 297. 107.
132. 51.1* 11.7 262. 91*. 2
123. 1*8.8 11.1 232. 86.2
111*. 1*5.1 10.6 207. 77.9
103. 1*1.7 9.95 185. 70.0
98.7 39.0 9.53 167. 61*. 5
92 .1 36.7 9.10 158. 58.0
87.7 35.3 8.71 11*5. 56.5
81*. 6 33*9 8.57 136. 52.6
81.1* 32.8 8.38 129. 50.6
76.0 31.2 8.22 118. 1*6.7
71.0 29.8 7.96 112. 1*1*.5
78.1 29.1 7.83 110. 1*3.6
171
TABLE UXVIII
D if fe r e n t ia l  R efrac tiv e  In d ices  o f Cesium C hloride S o lu tions
C oncentration (n -  n B) x  lcA (n -  n B) /c






(n -  n B) /c  = 0.081* ± 0.001
TABLE LXXIX 
R efrac tion  C onstants f o r  A lkali S i l ic a te s
S i l ic a te A B C
Sodium 0.0698 0 . 1(1*21 1.031*
Potassium 0.0698 0 . 1*1*11*2 1.568
Rubidium 0.0698 ? 3.113
Cesium 0.0698 0.551*9 U.692
^C alcu lated  by using  d a ta  con tained  in :
A. K ru is, Z e it .  Fhys. Chera. XSXLV-B (1936), 13.
TABLE UXX 
Specific D ifferential Refractive Indices
Coda Ntnber SLOg/C^O ratio (n-n8)/c  x 1(P
________________  _______________ Bxperimntal Calcnlated
a e e e e a e a 1.02 112. 110.
------- 3.36 98. 98.0
0 3 2 , 0321, C-322 15.0 81.1*
0 3 1 , 0311, C-312 15.2 — 79-3
c-i*i, 0 1 *11, 01*12 21.8 76. 78.3
01*2, 01*3 21.8 rmmm 78.3
oi*i*, 01*1*1, 01*1*2 21.8 mmm 78.3
0 2 6 , 0261, C-262 21*. 0 ---------- 77.7
0 3 3 , 0331, C-332 39.1 ----- 75.0
031*, 031*1, C-3U2 50.3 ----- 73.9
0 5 1 , C-511, 0512 53.0 71*. 73.7
0 5 2 , 053 53.0 — 73.7
051*, c-51*i, 051*2 53.0 mtwtmm 73.7
0 3 5 , 0351, 0352 70.1* 73. 72.8
173
TABLE LXXXI
Constants fo r  th e  Angular S c a tte r in g  S tra ig h t Lines
Code No. m b bi “bh i
C-32 -110.000 21*. 090 U.019 27.370
-  51.395 20.071 5.1*07 9.505
-  7.061* ll*.661* 2.037 3.1*68
0.000 12.627 12.627 0.000
C-321 -  90.127 21.287 12.236 7.366
-  5.630 9.050 2.058 2.736
-  0.651 6.992 6.992 0.093
C-322 - 166.250 21.031* 9.866 16.851
-  la . 009 11.168 5.1*36 7.51*1*
-  6.993 5.732 2.1*1*6 2.859
-  0.196 3.286 3.286 0.060
C-31 - 102.509 1*9.982 10.367 9.888
-  11.321* 39.615 1*.016 2.820
-  1.095 35.599 35.599 0.031
C-311 -  83-312 30.1*1*9 9.677 8.609
-  9.736 20.771 2.950 3.300
-  1.595 17.821 17.821 0.090
C-312 -  1.811* 7.336 0.288 6.299
-  1.731 7.01*8 0.1*11 i*.2l2
-  0.1*05 6.637 6.637 0.061
c -ia -  32.11*8 81*. 607 1**625 6.951
-  19.317 79.982 79.982 0.21*2
c - ia i -  59.898 ia .178 3.655 16.388
-  21*.327 37.523 l*.35i* 5.587
-  8.515 33.169 33.169 0.257
01*12 -  7-31*2 13.722 1.951 3.763
-  1.905 11.771 11.771 0.162
C-i*l* -130.656 131*. 1*81* 7.583 17.230
-  72.723 126.901 16. 021* 1**539
-  35.536 110.877 110.877 0.320
c-i*ia -  31*.770 53.527 8.1*92 l*.09l*
-  13.722 1*5.031* 1*5.031* 0.305
C-l*l*2 -  1*2.521* 23.053 3.578 11.885
-  10.903 19.1*75 3.207 3.1*00
-  3.827 16.268 16.268 0.235
171*



















































C-331 -  23.020







































































C-51 -  1*00.000
-  136.076
-  88.510

































Cods No. m b b i-b h )P 1
C-512 -3136.250 280.111* 163.738 19.151*
-  876.577 116.376 63.1*02 13.826
-  269-899 52.971* 31*. 916 7.730
-  23.305 18.058 8.11*7 2.860
-  3.21U 9.911 9.911 0.321*
c-51* -  725.280 270.022 77.067 9.1*11
-  235.216 192.355 71-767 3.277
-  65.1*23 120.588 120.588 0.51*3
c-51*i -2779.102 321.015 181.521* 15.312
-  536.1*29 139-1*91 66.882 8.1*21*
-  82.865 72.609 27.103 3-057
-  20.730 1*5.506 1*5.506 0.1*56
C-5U2 -1851.250 171.199 102.576 18.01*8
-  1*1*9.581* 68.623 1*2.658 10.539
-  82.619 25.965 11.085 7.1*53
-  13.053 11*. 880 l*.5o8 2.896
-  3.195 10.372 10.372 0.308
c-35 -7575.897 1282.508 536.013 11*. 131*
-2270.529 71*6.1*95 268.637 8.1*52
-  851*. 1*87 1*77.858 11*5.761 . 5.862
-  389.667 332.097 136.670 2.851
-  109.101* 195.1*27 195.1*27 0.558
0-351 -1*300.000 537.700 191*. 318 22.129
-1632.881* 31*3.382 99.105 16.1*76
-  71*1.1*56 21*1*. 277 59.502 12.1*61
-  363.121* 181*. 775 1*8.380 7.506
-  176.161* 136.395 60.1*23 2.916
-  10.109 75.972 75.972 0.51*5
C-352 “3738.750 31*3.161 188.51*5 19.829
-1103.1*85 151*. 616 79.088 13.953
-  335.013 75.528 35.1*20 9.1*58
-  82.017 1*0.108 12.133 6.760
-  28.202 27.975 10.365 2.721
-  6.1*1*5 17.610 17.610 0.366
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TABUS LEDtll 
Weight P ercen tages, ( s i)x ic £
Code No. zl z2 z3 zu *5
C-32 100.0 0 .0 0 0 .00 0 .00
C-321 99.6 0.18 0.25
0-322 99.6 0.23 0.12 0.06
C-31 100.0 0 .0 1 0.00
C-311 99.9 0.08 0 .06
C-312 100.0 0.01 0.00
C-Ul 99.9 O.Oli
C-Ull 99-9 0.13 0.12
0-102 99.9 0.15
c-Uli 99-7 0.30 0.02
c-U U 99.6 0.38
C-Uli2 99.6 0.36 0 .06
C-26 96.7 2.62 0.58 0.08
C-261 97. U 2.08 o.5U
C-262 98.9 0.7U 0.33
C-33 100.0 0.00
C-331 99.9 0.10 0.01
C-332 95.1 1 .39 1 .07 1.16 1 .30
C-3U 100.0 0.00
C-3U1 99.8 0.2U 0.01
C-3U2 95.0 1.37 1.28 1.06 1.33
c-51 99.1 0 .80 0 .08 0.07
c - 5 i i 9U-8 1.U7 1.20 0.95 1 .55
C-512 89.3 2.78 2 .69 2 .Oil 3.23
c-5U 95.3 3 .8  3 0.8U
c -5 ia 93.2 3.20 1.72 1.91
C-5U2 93.7 i . i a 0.8U 1.93 2.07
c-35 88.7 5.37 1 .95 2.06 1.91
C-351 90.8 5.83 1 .13 0.65 0 .7 1
c-352 91.0 2.6U 0 .79 1.39 1.73
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TABLE LXXIIII
M olecular Weights and D en sitie s
Code No. T u rb id ity A n g .sc a tt. Solute
mol.weight mol.weight d en sity
x 10-6 x 10"6 (g /c c .)
C-32 0.37 0.27 7
C-321 0.38 0.30 0.022
C-32 2 0.31* 0.28 0.039
C-31 1.20 0.85 ?
C-311 1.09 0.86 o.o65
C-312 0.86 0.61* 0.086
c- 1*1 2.28 2.02 0.035
C-Ull 1.97 1.68 0.026
C-U12 1.1*9 1.19 0.038
C-U2 2.68
C-l*3 2.73
c-iOi 3.11 2.56 0.029
c-l*l*i 2.60 2.29 0.028
C-l*i*2 1.87 1.65 0.030
C-26 6.25 6.29 0.031*
C-261 ii.62 i*.7l* 0.028
C-262 3.22 3.12 0.021*
C-33 0.85 0.59 7
C-331 0.78 0 .60 0.038
C-332 0.91 0.77 0.032
C-3U ^ 3.19 2.76 0.027
C-3U1 2.50 2.01* 0.026
C-3U2 1.91 1.69 0.01*9
c -5 i 1*.1*1* i*.51* 0.031
c-511 3.71 3.91 0.029
C-512 2.21* 2.38 0.026
C-52 $.31*
C-53 5.38
C-^ JU 6.17 6.71* 0.031*
C-5U1 U.95 5.23 0.035
C-51*2 2.51* 2.37 0.028
C-35 10.1*6 12.20 0.060
C-3S1 7 .80 9.26 0.01*7




C-321 h / 7/62
C-322 V  6/62
C-31 3/2U/62
C-311 h /  7/62
C-312 V  5/62
c - ia 3 / 1/62
c - i a i U/17/62
C-i;12 L/16/62
C-L2 3 / 1/62
C-L3 3 / 1/62
c-UU 2/28/62










C-3l*2 a / 12/62
C-51 2/27/62
C-511 a / 10/62
C-512 V lO /62
C-52 3 /  5/62
C-53 3 / 5/62
c -5 l 2/27/62
c-5Ui a / 16/62





V isco sity  Measurements
Flow tim e Standard 
dev ia tio n
ao 9 .i6 0.02
ao7.33 0.03
ao7.3o 0 . 0a
a i a .29 0.06
a io .a5 0.02
ao8.a2 0.06
a2a.33 0.18
a i a .17 o.oa





a n . 19 0.02
a78.93 0.07
U2 9 - 6 6 0 .09
a ia .6 a 0.07
a n .  6a 0.12
ao8.a2 0.09
ao8.9o 0.10
a2i . i a 0.10
ai3«67 0 .10
a io .98 0 .10
a 26.98 0.07
a ia .8 i 0.12
a io .70 0.11
a35.13 0.03
a36.93 0.05
a a i.8 a 0.07
ai8 .2 9 0.06




t  -  t 0 Added





































Apparent D en sitie s  and C oncentrations
Code Apparent Standard Concentrations ^
No. density deviation ■o x 10“
C-32 2.3U 0.18 U.62 16.9
C-321 7 2.31 7.60
C-322 7 1.16 U.08
C-31 0.63 0.02 U.Uo 5.16
C-311 0.68 0.03 2.20 2.57
C-312 0.88 0.12 1.10 1.73
c - ia 0.25 0.01 U.29 2.11
c -u u 0.31 0.01 2 .Hi 1.28
C-U12 0.36 0.02 1.07 0.90
C-U2 0.21 0.00 U.29
C-U3 0.20 0.00 U.29
c-UU 0.18 0.01 U.29 1.67
c-uui 0.22 0.01 2.1U 0.9U
C-UU2 0.27 0.01 1.07 0.65
C—26 0.062 0.000 U.33 0.69
C-261 0.098 0.001 2.17 0.U6
C-262 0.1U7 o.ooh 1.08 0.35
C-33 0.5U 0.03 2.37 3.99
C-331 0.97 o.lU 1.18 1.97
C-332 0.35 0 . 0U 0.59 0.76
C-3U 0.17 0.00 2.31 0.8U
C-3U1 0.18 0.01 1.16 0.57
C-3U2 0.15 0.01 0.58 0.3U
c~5i 0.12 0.00 2.29 0.50
c-511 0.15 0.01 l.lU 0.29
c-512 0 .16 0.01 0.57 0.2U
c-52 0.083 0.000 2.29
c-53 0.078 0 .000 2.29
c-5U 0.067 0 .000 2.29 0.3U
c-5Ui 0.105 0.002 l.lU 0.22
c—5U2 0.13U 0.008 0.57 0.2U
C-35 0.017 0.000 2.26 0.19
0-351 0.056 0.001 1.13 0.}2
C-352 0.110 0.00U 0.56 0.13
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